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ABSTRACT

The NASA Langley Transonic Dynamics Tunnel

(TDT) has provided wind-tunnel experimental validation

and research data for numerous launch vehicles and

spacecraft throughout its forty year history. Most of these

tests have dealt with some aspect of aeroelastic or

unsteady-response testing, which is the primary purpose

of the TDT facility. However, some space-related test

programs that have not involved aeroelasticity have used

the TDT to take advantage of specific characteristics of

the wind-tunnel facility. In general, the heavy gas test

medium, variable pressure, relatively high Reynolds

number and large size of the TDT test section havc made

it the preferred facility for these tests. The space-related

tests conducted in the TDT have been divided into five

categories. These categories arc ground wind loads,

launch vehicle dynamics, atmospheric flight of space

vehicles, atmospheric reentry, and planetary-probe

testing. All known TDT tests of launch vehicles and

spacecraft are discussed in this report. An attempt has

been made to succinctly summarize each wind-tunnel test,

or in the case of multiple, related tests, each wind-tunnel

program. Most summaries include model program

discussion, description of the physical wind-tunnel model,

and some typical or significant test results. When

available, references are presented to assist the reader in

further pursuing information on the tests.

INTRODUCTION

The NASA Langley Transonic Dynamics Tunnel

(TDTL which became operational in late 1959, has long
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been dedicated to aeroelasticity research and

development. The TDT has many fcatures that make it

particularly suitablc for aeroelastic testing including

subsonic to transonic Math number capability, variable

density, very low operating pressures, and the capability

of rapidly reducing aerodynamic loads during testing.

The TDT also has the ability to use either air or a heavy

gas as its test medium. The heavy gas is particularly

suitable lbr aeroelastic scaling of wind-tunnel models. In

addition to providing for extensive contributions to

aircraft-related testing, these features have allowed the

TDT to support many significant research and

development activities for launch vehicles and spacecraft.

The TDT has been used many times throughout its

history to support aeroelastic research and development of

space vehicles to simulate the transition through the

earth's atmosphere for launch vehicles and "flying"

spacecraft. The facility has also been used to study

similar atmospheric transitions for spacecraft on other

planets. Additionally, ground-wind studies have been

carried out in the TDT simulating launch vehicles on the

launch pad and for a Viking lander on the Martian

surface. Figure 1 illustrates the relative amount of space-

related testing conducted in the TDT over the past 40

years compared to all tests conducted in the facility. As

shown in the figure, approximately 17 percent of all

testing in the TDT has been in support of space-related

activities.

The TDT space-related tests have been grouped in this

paper into five categories: launch vehicle ground-wind

loads, launch vehicle dynamics, atmospheric flight of

space vehicles, atmospheric reentry, and planetary-probe

model tests. Although launch vehicles transition through

Earth's atmosphere, TDT launch vehicle studies

(i.e. Saturn V) have been categorized in this paper

separately from more conventional lifting-surface space

vehicles (i.e. Space Shuttle) that rely substantially on

fluid-dynamic lift for vehicle flight control. Figure 2

illustrates the distribution of TDT space-related testing

based on the test categories used in this paper. Figure 2

also breaks down the test distribution lot each decade of

TDT operation.
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A significantamountof launchvehicleground-wind
loadstestinghastakenplacein theTDT. Ground-wind
loadstestingdealswiththesteadyandunsteadyloadsthat
a launchvehicleexperienceswhileerectedonthelaunch
padductothenaturalwindenvironment.Theseloadscan
result,indynamicresponseof a launchvehiclethatcan
causestructuraldamageif the launchsystemis not
properlydesigned.Ground-windloadsstudiesin the
TDThaveinvolvedvehiclessuchasApollo-Saturn,the
Titan111,theSpaceShuttle,andtheAtlas-Centaur launch

vehicle. Figure 2 shows that approximately one quarter of

all TDT space-related testing has involved assessment of

ground-wind loads.

Space (17%)

Total = 542 tern
Other (83%) (1960-present)

Number of
Tests

7s

5O

SO

0
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Fig. I- Portion of TDT testing related to space activities.

Launch vehicle studies in the TDT have generally

centered on buffet measurements, although a few tests in

the 1960's are thought to have been conducted primarily

to measure static pressures. Over the years, buffet and

general dynamic response studies have been carried out

for vehicles such as the Apollo-Saturn, Atlas-Centaur, and

Delta-series launch vehicles. The models used for these

tests have ranged from partial-vehicle rigid models used

for making unsteady pressure measurements to full-

vehicle, aeroelastic models that provide scaled dynamic

response measurements. Figure 2 shows that 14 percent

of TDT tests associated with space vehicles have involved

launch vehicle dynamic response measurements.

Atmospheric space-vehicle-flight studies conducted in

the TDT have generally involved flutter clearance and

flutter research activities. However, other studies for

aerodynamic performance, buffet, buzz, and panel flutter

have also been performed lbr space vehicles with lifting

surfaces, such as the Space Shuttle. Of the five space-

related test categories, the atmospheric-flight catcgory is

most typical of TDT testing in thai atmospheric-flight

studies closely match typical TDT aircraft tests. In

recent years, extensive research was conducted in the

TDT as part of the National Aerospace Planc (NASP)

program. This work included wing-alone, vertical-tail-

alone, full-vehicle, and engine-related buzz, divergence,

and flutter studies. In addition to Earth atmospheric flight

testing, a recent development has been the proposed

atmospheric flight on Mars of the conceptual NASA

"Mars flyer". In the early planning stages for this

program, the TDT was identified to support tests of this

conceptual vehicle, primarily because of the very low

pressure (and therefore low Reynolds number) capability

of the TDT. Atmospheric-flight studies have accounted

lbr nearly 36 percent (see Fig. 2) of all TDT space-related

tests. The large percentage of tests in this category is

somewhat exaggerated in the sense that an unusually high

number of very simplistic, preliminary model tests were

conducted for the NASP vehicle program.

Launch Vehicle Ground

Wind Loads

Atmos. Reentry (18.5%)

Atmos. Flight (35.9%)

Launch Vehicle Flight
Dynamics tl 4.1%_

Number of
Teats

1960's lgT0's 19e0_ 1990's
Tim Period

Fig. 2- Breakdown of space-related testing in the TDT

according to test categories.
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The TDT has also made significant contributions to

research studies associated with unpowered atmospheric
transition. Most of these tests involved Earth atmospheric

reentry concepts: some associated with the NASA

manned space-flight program. A number of these
research tests involved conceptual reentry vehicles, or

decelerators. The TDT contributed significantly to

understanding the capabilities of these concepts: however,
most of the tested ideas were never use in flight. Other

reentry (or more appropriately, atmospheric-entry) tests
have been conducted in the TDT for vehicles entering

planetary atmospheres. Several tests have been conducted

for entry into the Mars atmosphere. The Galileo probe
parachute system, successfully used for entry into the

Jupiter atmosphere, was also tested in the TDT. The TDT
was used to more appropriately simulate these planetary

atmospheres through combinations of heavy gas or air test
mediums at various pressure levels. The wind-tunnel

models have generally been aeroelastically scaled to

match the dynamic properties of the actual vehicle. These
models have been used to help assure that the entry

configuration will function without undue dynamic

response during its nominal trajectory or upon
encountering gusts. Atmospheric entry models tested in
the TDT have included several parachute concepts,

deployable hot-air-balloon-type vehicles, a number of
drag brake configurations, and inflatable decelerators.

Figure 2 shows that approximately 19 percent of all TDT
space-related tests involved atmospheric reentry studies.

The final category of TDT space-related tests involves

ground-wind tests of planetary probes. This category is
not large, comprising only about five percent of TDT

space-related tests (Fig. 2). These tests concerned testing
of the Mars-lander vehicles Viking 1 and Viking 2. These

tests were not ground-wind loads tests per se; rather, they
involved studying the effects of ground winds on the

precision of instrumentation on the Mars Viking landers.
These tests were done in the TDT in large part because

the very low pressure capability of the TDT gives it the
ability to match densities and/or Reynolds numbers
suitable to simulate the Martian ground-level
environment, albeit in an air test medium in the TDT.

This paper summarizes the various types of tests

conducted in the TDT throughout its history related to
launch vehicles and spacecraft, including several fairly

unique tests. The tests will be discussed in categories as
introduced above. Table 1 (last page of this report) is a

complete tabulation of all known space-related tests that
have been conducted in the TDT. Specific test-summary

inR)rmation could not be found for every individual test in
this list. However, general program information was

found that correlated with the test subject area, test titles,
and/or the test time period for every test in this table. The

test titles and the test categories listed will help the reader
correlate test information in the table with test-summary

discussions in this paper. This paper will attempt to more

thoroughly explain the unique nature of the TDT that
made it suitable to the types of space-related studies that

have been accomplished. Also, the paper will serve as a

bibliographic summary of this type of testing in the TDT
and. as such, an attempt will be made to summarize

significant technical contributions of the TDT testing to

space activities. The authors hope that the paper will
ultimately point to the continued viability of the TDT in

supporting research related to space vehicles.

WINDTUNNEL

The NASA Langley Research Center ILaRCt

Transonic Dynamics Tunnel (TDTt has operated for over

forty years, supporting fixed wing, rotorcraft, spacecraft.
and other miscellaneous research testing throughout its

history. The TDT is a continuous-flow wind tunnel

capable of testing at total pressures from about 0.1 to 1.0
atmospheres and over a Math number range from zero to
1.2. The test section of the TDT is 16.0 ft. square with

cropped corners.

The TDT is specifically designed for studying
aeroelastic and other unsteady flow phenomena. The

wind tunnel is capable of operating at both subsonic and

transonic speeds. The TDT has a variable fluid density
capability, which is particularly helpful in structural
scaling of aeroelastic models. Testing can be conducted

in the TDT using either air or a heavy gas as the test
medium. Testing in a heavy gas provides advantages in

aeroelastic model scaling. Prior to 1997, the TDT heavy

gas was dichlorodifluoromethane, known as R-12. The
density of R-12 is approximately four times that of air.
This means that scaled models can be made heavier

relative to a scaled model Rw testing in air. This generally

makes the task of building a scaled model with sufficient
strength easier. Alter 1997, the TDT began operating in a

heavy gas known as 1,1,1,2-Tetrafluoroethane
(CH_FCF3), or R-134a. This gas is approximately 3.5
times denser than air for identical pressure, temperature,

and volume, making it a reasonably equivalent

replacement for the previous R-12 heavy gas. All of the
tests discussed in this report actually used air or the initial

TDT R-12 heavy gas test medium. The TDT also has
several unique features that arc particularly useful for
aeroelastic tests. One of these features is a group of four

bypass valves connecting the test section area (plenum) of
the tunnel to the return leg of the wind-tunnel circuit. In

the event of a model instability, such as flutter, these

quick-actuating valves are opened. This causes a rapid
reduction in the test section Math number and dynamic

pressure, which may result in stabilizing the model. A
more complete description of the TDT can be found in
reference I.
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GROUND-WIND LOADS TESTING

During the rapid pace of ballistic missile and launch

vehicle development of the late 1950's and early 1960's, it
was realized that a critical design point of the vehicle's

structure was that of a class known as ground-wind loads

(GWL). Ground wind loads refer to both steady and
dynamic loads imparted to a launch vehicle while it is

erected on its launch pad and fully exposed to the natural
wind environment, which can be quite unpredictable and

severe at times. The dynamic response of a flexible

launch vehicle to ground-wind loads can cause design
problems with regard to structural strength+ guidance

platform alignment prior to launch, and clearance between
adjacent umbilical towers. Steady and dynamic loads due

to wind drag and wind induced oscillations impart large
bending moments to the first stage structure of launch

vehicles and are typically the maximum bending loads
that the first stage will be subjected to even while in

flight. It was then, and still is today, important to design

the thin-walled, tank structure of the first stage such thai it
would endure vehicle response due to a wide range of

expected ground winds at a particular launch site.
Figure 3 illustrates the factors contributing to ground-

wind loads. This diagram shows a launch vehicle on a

flexible support structure standing beside an umbilical
tower and is subjected to a steady wind that results in both

static and dynamic loads on the vehicle. The predominant

aerodynamic force associated with launch vehicle ground-
wind loads is a result of flow separation and shed vortices

from the bluff body of the vehicle. The resulting
unsteady aerodynamic forces are perpendicular to the

wind direction and referred to as oscillating lift. The
steady and oscillating aerodynamic drag forces act
primarily in the direction of the mean wind. Prediction of

these steady and unsteady aerodynamic loads is critical to
the design success of any launch vehicle. -_

,_TOWER

OSCILLATING LIFT-_ !

STEADY DRAG-_ \ ,f .--"1
OSCILLATING_ j '_C

DRAG _ _1 _'Lli "/

_' l"/_VORTEX (___ "_

SHEDDING--_ // __

(t

c"

f
J

Fig. 3- Load conditions caused by ground-wind loads.

Even today, it is very difficult to accurately predict the

response of a vehicle to ground wind loads. Therefore,
the accepted method lot determining the design ground

wind loads has been to perform wind-tunnel tests of
aeroelastically-scaled models of the launch vehicle.

Research conducted at the Transonic Dynamics Tunnel

(TDT) played a key role in the early understanding of
ground-wind loads and the development of many launch
vehicles which occurred in the 1960's, 70's, and 80's.

Because flow separation and the resulting shed
vortices are highly dependant on Reynolds number and
Strouhal number, these non-dimensional parameters are

important to match in the design of any GWL wind-tunnel
model and wind-tunnel test in order to ensure that results

are scalable to the actual vehicle. The TDT was the

facility of choice for many launch vehicle ground-wind
load test because of its large test section (16ft-by-16ft)

and the variable density test capability that combined
allow for reasonable simulation of full-scale Reynolds

numbers in a sub-scale wind-tunnel test. By using R-12
as the test medium, which has a kinematic viscosity of

about one-fifth that of air, Reynolds number simulation

was approximately achieved during ground-wind loads
tests for all launch vehicles tested in the TDT except for

the Saturn V. Additionally, the TDT has thc capability of
remote azimuth positioning of a ground-wind loads model
in its test section using a unique ground-plane turntable.

The following sub-sections will capture the full
breadth of ground-wind loads testing performed in the

TDT since its inception in the late 1950's. From early

tests of Jupiter ballistic missiles for the U.S. Army to
Saturn launch vehicles and the Space Shuttle, each test

took advantage of the unique capabilities of thc TDT to
determine the particular ground-wind loads response of
the vehicle. Throughout the 1960's, 70's, and 80's the

TDT proved itself as one of the nations premier facilities
for performing ground-wind loads testing of launch
vehicles.

Model Design

The most reliable means of obtaining quantitative data
on ground-wind loads on a launch vehicle, oncc thc
design is finalized+ is from wind-tunnel studies of

dynamically and elastically scaled models. Such models

that simulate both the aerodynamic and structural
dynamic properties are referred Io as aeroelastic models.

Scaling laws are used to determine the nondimensional

parameters to be duplicated by the model if the response
of the model to tunnel-simulated ground winds is to
simulate accurately the response of the full-scale vehicle
to ground winds.

For ground-wind loads testing, it is required that the
lbllowing parameters be the same for model and full-scale

vehicle: external shape. Reynolds number, Strouhal

number based on vehicle first bending mode and the
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diameter of the lower stage, mass ratio based on the

generalized mass of the first bending mode, damping ratio

of the first bending mode, and surface roughness. From

the dimensionless parameter design requirements

specified above and from a knowledge of TDT test

capabilities, the fundamental scale factors (model-to-full-

scale ratios) for scaling length, mass. and time are readily

obtained. It is also important to geometrically model the

launch vehicle umbilical tower and place it at the scaled

location relative to the vehicle in order to capture the

effects of the tower on the wind profile. Figure 4 shows

an aeroelastic ground-wind loads model of the Scout

launch vehicle and its umbilical tower as tested in the

TDT.

was representative of the full-scale vehicle. This method

proved troublesome because structural damping is very

difficult to control in a scale model compared to other

model design parameters. A solution was found in the

application of viscous dampers that can be used to vary

the amount of damping in a model and thus provide for

the precise regulation of structural damping in a scale

model. The device used in ground-wind loads tests.

shown in Figure 5, consists of a series of lead slugs that

are free to slide on concave trays inside of a cylinder

filled with viscous oil. Motion of the lead slugs in the

viscous oil dissipated energy and thus increasing the

damping. Changing the number of lead slugs or the

viscosity of the oil could then change the degree of

damping.

Fig. 4- 0.15-scale Scout launch vehicle

ground-wind loads model.

Model construction lypicalb consisted of a center spar

structure with lead weighls attachcd at various points,

which is representative of the scaled stiffness and mass

distribution of the vehicle. Cxlindrical shells representing

the geometric shape and axial ,,lillness were then attached

to the to the spar. Mosl ground-wind load tests at the

TDT included the abilils to _ar_ the payload fairing

shape, vary the vehicle's luclcd c_mdition, and vary the

booster configuration (for in,,t:mcc, strap-on boosters). It

was important for the model t_ bc configurable in order to

allow every conceivable vehicle configuration to be tested

for ground-wind loads since many launch vehicles were

erected in stages on the pad l Jupiter. Titan, Atlas, and

Saturn I) and all were fueled in stages on the pad.

Another important aspect of model design includes

matching the vehicle first bending mode damping.

Structural damping has been found to be one of the key

parameters that governs the susceptibility of a vehicle to

wind-induced oscillations. Early ground-wind load tests

in the TDT such as the Scout and Jupiter, relied on the

model construction to provide structural damping which

Fig. 5- Viscous damper used in

ground-wind loads models.

The primary instrumentation for ground-wind load

tests at the TDT consisted of two strain-gage bridges

mounted near the model base in planes 90 ° apart around

the circumference of the first stage and two

accelerometers mounted on the model near the nose in the

same two reference planes. This instrumentation was

used to obtain time histories of the bending moment and

deflection responses of the model to simulated ground

winds in the TDT. Recording and display mediums for

this instrumentation varied as technology progressed, but

most ground-wind load tests at the TDT used strip-charts,

oscilloscopes, and digital computer data acquisition

systems as they came into use. One method of data

readout which proved useful to early ground-wind loads

tests was the use of time exposure photographs of an

oscilloscope set up to display the response from two strain

,,a,,e,, (on opposite model reference planes) on two axes.

Figure 6 shows such a photograph and schematic. As the

model responds both statically and dynamically, the

outputs from these strain gages trace an elliptical pattern

on the oscilloscope since the lift response is greater than

the drag response. The borders of the ellipse thus formed

represent the curve of maximum dynamic bending
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moment response and the distance the center of the ellipse
has shifted from the no-wind position yields the

magnitude and direction of the static bending moment. 2-4

My

M×

OSCILLOSCOF'E MODEL

Fig. 6- Oscilloscope time exposure of bending moment.

Test Techniques

Ground-wind loads testing would begin by first setting
the desired tunnel condition. This would include the

desired density of R-12 heavy gas for Reynolds number

and Strouhal number simulation and also setting of the
tunnel speed. Because of model size, some tests such as

the Saturn V could not be tested at higher simulated wind
velocities due to compressibility effects of operating

above Mach 0.3 at low pressures in R-12. At each desired

tunnel velocity, one to two minute samples of data of the
model response were recorded. After data has been
recorded for each desired tunnel velocity, the model

azimuth would bc changed such that the model and
umbilical tower were subjected to simulated wind

conditions from a different azimuth or angle.
Early ground-wind loads tests relied on technicians to

enter the test section and unbolt the model from the test

section floor and relocate it at the desired azimuth. This

proved very costly with regard to test time since each

model azimuth change require hours of R-12 heavy gas
processing to clear the test section for personnel entry. In
mid-1962 an agreement was made between NASA and

the Martin Company of Baltimore to perform ground-
wind loads test of the Titan III at the TDT. One

requirement was that the azimuth of the model be easily
changed remotely from the TDT control room. This

requirement resulted in the ground-loads floor turntable
being built by the Martin Company specifically for the
Titan III test at the TDT. Alter the test the turntable and

floor-fairing structure remained and became a standard

capability of the TDT lbr all subsequent ground-wind
load tests. Figure 7 shows a model mounted to the
ground-wind loads floor turntable.

Fig. 7- Model mounted to TDT ground-wind loads
floor turntable.

TDT Ground-Wind Loads Test Summaries

Scout launch vehicle (TDT Test 121: The Scout launch

vehicle was developed by NASA specifically for orbital
and sub-orbital research and had a useful career thal

spanned over 30 years. In October of 1960, testing bcgan

at the TDT of a 0.15-scale ground-wind loads model of
the Scout launch vehicle and its service/umbilical tower.

Testing was performed with both air and R-12 as a test

medium in order to precisely match full-scale Reynolds
number. The Scout was tested in the fueled

configuration. Figure 4 shows the Scout ground-wind
loads model and its umbilical tower in the TDT test

section. A second Scout test was conducted in the TDT in

August 196 I.

Saturn I BloCk 1 (TDT Test 18): The first ground-wind

loads test of NASA's Saturn family of launch vehicles
was a test of the Saturn I Block 1, which was a single-

stage, sub-orbital launch vehicle. The Saturn I Block I

was the first US launch vehicle to qualify the concept of
clustering many rocket engines in the first stage, in this

case eight, and paved the way for the Saturn IB and
Saturn V. The successful first flight of the Saturn I
Block I occurred on October 27, 1961 (SA-I). Results
from the test at the TDT resulted in increased confidence

in the vehicle's ability to withstand wind-induced
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oscillationswhileexposedtotheenvironmentbeforeand
during launchfrom LaunchComplex34 at Cape
Canaveral.5

Duringthis test, the responseof a 7.5 percent
aeroelasticallyscaledmodelof theSaturnI BlockI
(SA-.I) vehicle was measured at simulated ground winds

up to 80 ft/s (48 knots) at full-scale Reynolds numbers
using R-12 as the test medium. TDT testing of the SA-I

vehicle began in March of 1961. A photograph of the

model is shown in Figure 8. The SA-1 gantry tower was
not modeled because the full-scale tower was pulled back

200 yards from the vehicle prior to launch and did not

cause any aerodynamic interference.

Mb, IN.-LB

15

IO

-x 10 6

"(- EMPTY- VEHICLE OVERTURN MOMENT

io

-El

STEADY- DRAG M b
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25 50 75
WINDVELOCITY, FPS

Fig. 9- Saturn I Block I ground-wind-induced loads.

Fig. 8- 7.5 percent Saturn I Block I model.

Figure 9 shows the steady-drag and maximum

oscillatory bending moment measured at the base tie-
down location. The oscillatory bending moment shown

was measured perpendicular to the wind direction. The
response represented by these data was due to the

oscillating lift force of vortex shedding. At high
velocities the steady-drag moment becomes several times

larger than the oscillatory moment and approaches the
static overturn moment for the unfueled vehicle resting

unclamped on the launch arms. Thus, tests at the TDT
showed that for the Saturn SA-I vehicle the critical load

from ground winds is the moment duc to steady-drag

rather than the oscillatory response lateral to the wind,
which was the critical loads for other launch vehicles

tested up to that time. _'

Jupiter IRBM (TDT Test 28): Tests of a I/5-scale

Jupiter missile aeroelastic model were conducted at the
TDT in October 1961. Once again, R-12 heavy gas was
used as the test medium to match full-scale Reynolds
numbers. The model was tested to full-scale wind

velocities up to 95 knots. Figure 10 shows the Jupiter
model mounted to the test section l]oor of the TDT.

Fig. 10- I/5-scale Jupiter IRBM.

Configurations of the Jupiter missile included a clean
nose and with strake-type spoilers mounted to the nose as

shown in Fig. I1. It was shown during this test that the
spoilers had a pronounced ground-wind load alleviation

effect and can prove a useful tool in reducing a launch
vehicle's susceptibility to wind-induced oscillations.
These results are shown in Fig. 12 as a plot of the

maximum resultant bending moment against wind
speed.2 7

Wind-induced loads research model

(TDT Tests 37 and 40): These tests were part of a basic

research program for determining the sensitivity of a
generic launch vehicle's ground-wind response to two
different nose shapes. Figures 13 and 14 show two

configurations of the research model mounted to the test
section floor of the TDT. Other test hardware included a

wind anemometer used to measure wind speed and a

turbulence grid used to create a wind profile that better

simulates the natural turbulence of ground winds. The

7
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conical base of the model was fixed to the floor while the

upper portion was mounted to leaf springs that provided
different stiffness values in two principal directions. The

springs allow Ihe upper portion of the model to sway back
and forth in all directions, thus simulating the side-to-side

motion typical of wind-induced oscillations of upright
launch vehicles. The generic model could be rotated in

azimuth to change the alignment of the spring mount
principal directions with the wind direction. These tests

were conducted only in air as a test medium.

Results from this generic ground-wind loads model
proved to be inconsistent due to the fact that model

damping was highly dependent on azimuth. This was a

shortcoming of the design of the model. No results were
published due to these problems with the program.

MAX.
RESULTANT

BENDING
MOMENT

Fig. I I- Spoilers on l/5->,calc Jupiter IRBM.

_-NO SPOILERS

0 20 40 60 80 I00

WIND VELOCITY, KNOTS

Fig. 12- Effect of nose spoilers on bending moment
response of I/5-scalc Jupiter IRBM model.

Fig. 13- Generic ground-wind loads model in TDT.

Fig. 14- Generic ground-wind loads model in TDT.

Titan III (TDT Test 52): Ground-wind loads testing was

conducted on a 7.5 percent aeroelastically-scaled Titan III
launch vehicle with a geometrically scaled model of its
umbilical tower. Testing was conducted in R-12 heavy

gas and full-scale Reynolds number was matched. For
this test, the Martin-Marietta Corporation agreed to design
and fabricate a ground-wind loads turntable to be used to

remotely change model azimuth from the TDT control
room. At the end of this test, this turntable was turned

over to NASA for use in future ground-wind loads tests at
the TDT.

8
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There were three configurations tested by Martin-

Marietta and NASA engineers during this test. These

included a conical and a Dyna-soar payload, which at the

time were firmly established payloads, and a bulbous

shape that was of general interest but at the time not a

scheduled Ilight payload. Soon after, the Dyna-soar

program was cancelled by the Air Force and only the

conical and bulbous payload fairings actually flew on

Titan. Figures 15 and 16 show the bulbous and Dyna-

soar Titan model configurations mounted on the TDT

floor ground-wind loads turntable. Results from this test

showed that the flow behind the umbilical tower could

cause a lar model res under certain conditions.

Saturn I Block II (TDT Test 53): Immediately following

the Titan II1 test, the Saturn I Block I1 vehicle was

ground-wind loads tested at the TDT in support of the

upcoming first flight of the vehicle in January of 1964

(SA-5). Figures 17 and 18 show the 7 percent Saturn 1

Block II aeroelastic ground-wind loads model as tested in

the TDT with Jupiter and Apollo payloads and with a

geometrically accurate modcl of Launch Complex 37B

(LC-37B). The Block 11 vehicles are differentiated from

the Block 1 vehicles by the inclusion of a live S-IV second

stage capable of providing orbital insertion of payloads,

by taller S-I first stage to provide morc propellants, and

by ,namic fins for enhanced stabilit, 5

Fig. 15- Titan III bulbous payload.

ISame photograph as used in Fig. 7).

Fig. 17- 7 percent Saturn I Block II with

Jupiter payload fairing.

Fig. 16- Titan III Dyna-soar payload.
Fig. 18- 7 percent Saturn 1 Block I1 with

Apollo spacecraft.
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The main objective of this test was to provide ground-
wind loads data to be used to establish ground handling

procedures in the event a Saturn l Block II vehicle was
exposed to high winds while erected on the launch pad.

Both fueled and unfueled configurations were tested and

various protuberances such as retrorockets for " "stagnng,
telemetry antenna, ullage rockets, and service module

thrusters were included. Testing was conducted at many
wind azimuth directions using the TDT ground-wind-

loads turntable, at full-scale wind velocities up to 50 mph
(44 knots), and at full-scale Reynolds numbers using R-12

heavy gas as the test medium. Figure 19 shows the

nnaximum resultant base bending moment obtained at the
most critical wind azimuth angle for the Saturn I Block II,

Saturn IB, and Saturn V for values of damping ratio
greater than or equal to 0.01. As shown, the Saturn I

Block II vehicle was found to possess no ground-wind

load problems over the range of steady wind velocities of
the test at the TDT. Thus, testing at the TDT cleared all

Saturn I Block II flights (SA-5 through SA-10) from
ground-wind loads problems. 4"_

I._ - UNFUELEO

[cm¢).2o.ol
SATURN TB-_ I[ rSATUR N

 AXR SM0 I" / \
,_/

.5 SA,_.I, _.//

I I I I I
'O 20 _0 40 _0 6i0 71(3

W1ND VELOCITY (_ULL SCALE), MPH

Fig. 19- Maximum resultant base bending moment at
most critical wind azimuth for Saturn 1 Block II,

Saturn IB, and Saturn V vehicles.

Saturn V (TDT Tests 55, 62, 79, and 106): Early in the
development of the Saturn V, it was realized that ground-

wind loads would play a role in the design of the vehicle
and launch configuration. In response to this, NASA
relied on both model-scale, wind-tunnel tests at the TDT

and full-scale tests of a Facilities Integration Vehicle.

There were several TDT tests in March and July 1963,
June 1964. and May 1966 of a 3-percent, aeroelastically-
scaled model of the Saturn V launch vehicle to determine

its response to wind-induced loads. Since the first two
tests took place when the Saturn V design was still in its

infancy, the mass and stiffness of the vehicle and the base
stiffness of the launcher was likely to change significantly

as the design matured. Therefore, it was decided that a

simplified 3-percent-scale Saturn V ground-wind loads
model would be designed such that only scaled bending
frequency would be matched to full-scale. This model

was modified for the later tests to represent changes to the
vehicle, hold-down structure, and umbilical tower as the

design matured.

The principal variables of the investigation were wind
velocity, wind direction, flexibility of the support

structure, structural damping, and fueled/unfueled
configuration. As in the Saturn 1 Block II tests, many

protuberances were included in the Saturn V to provide a

very complete model from a geometric standpoint.
Because of the enormity of the Saturn V launch vehicle

(more than twice the size of previous Saturn
configurations), full-scale Reynolds number could not be

matched in the TDT at the 40 knot design wind speed of

the vehicle without exceeding a Math number where
compressibility efl'ccts become significant (Mach=0.35-

0.40). Therefore, the model Reynolds number was

approximately one-third that of full scale. Figure 20
shows the Saturn V model and umbilical tower mounted

to the TDT ground-wind loads turntable. The Saturn V

mobile service tower was also included in testing at the
TDT.

Fig. 20- 3 percent Saturn V model and service tower.

Sub-critical Reynolds number testing at the TDT of
the Saturn V model in the unfueled configuration yielded

an undefined peak (the model had inadequate load
capability to define the peak) near 50 knots which

exceeded the design bending moment of the vehicle. This
is shown in Fig. 19. The response of the unfueled

Saturn V model was found to be significantly affected by
the presence of nearby tower structures. Figure 21

illustrates the effects of the nearby structures on the
azimuth angles at which peak dynamic loads were
measured. Since the Saturn V was to be fueled as near to

the time of launch as possible, the vehicle would be

subjected to winds in the unfueled configuration during its
transport from the Vehicle Assembly Building to the
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launchcomplex.Testingof themodelin thefueled
configurationshowedthatthedesignbendingmoment
wasnotexceeded.Usingthetunableviscousdamperin
thenoseof theSaturnV model,it wasfoundthatwhen
thedampingof the vehicle'sfirst bendingmodewas
increasedto 3 percentof critical,thebendingmoment
responsepeakswerepracticallyeliminated.

Frompastexperience,it wasexpectedthat the
dampingof thefirstmodeof theSaturnV wouldnot
exceed2 percentcritical.Therefore.twosolutionswere
investigatedfor improvingtheSaturnV'sground-wind
loadsresponse.Theseincludedanexternalsupportthat
wouldeffectivelystiffenthevehicleandtheadditionof
an externaldamperto increasethe dampingof the
vehicle'sfirstbendingmode.It wasfoundthatthefirst
solutionwouldsubmitthevehicleto veryhigh load
conditions.Therefore,theacceptedsolutionwastoutilize
anexternalviscousdamperto increasethefirstmode
dampingastestingat theTDT suggested.A motion
damperarmmountedto theS-II/S-IVBinterstagewas
developedfortheSaturnV FacilitiesIntegrationVehicle
(SA-500F),whichwasa facilitycheckoutandground-
windtestvehicle(notaflightvehicle).Duringvibration
testingof SA-500Fin theVehicleAssemblyBuildingat
CapeCanaveral,themotiondamperarmincreasedthe
first modedampingfrom 1.5percentcriticalto 4.5
percentcritical.

Rolloutof SA-500Fwith themotiondamperarm
occurredonMay25,1966andground-windloadstesting
showednoproblemswiththevehicle.Onallsubsequent
SaturnV vehicles,themotiondamperarmwasconnected
tothelaunchescapetower.Asdiscussed,theTDTplayed
akeyrolein thetestinganddevelopmentof theSaturnV
launchvehicleusedto sendmanandmachineto the
moon.2.8._

SHADED AREAS INDICATE AZIMUTHS WHERE VEHICLE DESIGN

LOADS WERE EXCEEDED FOR _ _ 0.OI

O•

:* 25° _225 °

180" 180*

Fig. 2 I- Effects of nearby structures on the Saturn V
vehicle response.

Sat0rn IB (TDT Tests 65, 71, and 88): Ground-wind

loads testing of the Saturn IB launch vehicle began in

1963. A 5.5 percent aeroelastic model of the vehicle was
designed for tests at the TDT along with geometrically
scaled models of both Launch Complex 34 and 37B

umbilical towers. Therc were three distinct payloads

which included standard Apollo command and service
module, and space station proposed as part of the Apollo

Orbital Workshop program, and a generalized payload
shroud as flown on AS-203. The Apollo spacecraft and

spacc station payload testing took placc during TDT tests
65 and 71 and are illustrated in Figs. 22 and 23. During

Saturn IB ground-wind loads testing of the space station
payload (test 71), wind-induced oscillations were severe

enough to "send it down the tunnel" and thereby
destroying the Saturn IB model. A second model was

fabricated and testing continued in March of 1965 with
the Apollo spacecraft and a generalized payload shroud as

shown in Figs. 24 and 25.
All model hardware was mounted to the TDT ground-

wind loads turntable and tests were conducted in R-12

heavy gas as a test medium. Because of the model's size
and compressibility limitations, Reynolds number had a

scale factor of only 0.85. The vehicle was tested in the

unfueled and fueled configurations up to full-scale wind
speeds of 46 knots. If the model azimuth angle is held

constant and the velocity varied, the vehicle responds

typically as shown in Fig. 26. In this figure, base
bending-moment data measured on the Saturn IB model at
the wind direction shown arc used to present each

component that contributes to the maximum resultant

ground-wind load on the vehicle. As in the Saturn V
tests, it was found that the critical configuration was for

the unfueled vehicle. Figure 19 illustrates this critical
ground-wind loads condition for the unfueled Saturn IB

vehicle in which undefined peaks at 39 mph (34.3 knots)
exceed the design bending moment of the base of the S-IB

first stage structure. The design bending moment was

only exceeded when the vehicle was tested in lhe
presence of the LC-37B umbilical tower. Base bending
moments were not exceeded with the LC-34 umbilical

tower in place, nor were they exceeded with the vehicle in
the fueled confl uration.

Fig. 22- 5.5 percent scale Saturn IB model with Apollo
spacecraft and Launch Complex 37B umbilical tower.
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Fig. 23- 5.5 percent Saturn IB model with space station

payload and Launch Complex 37B umbilical tower.

Fig. 24- 5.5 percent Saturn IB model with Apollo

spacecraft and Launch Complex 34 umbilical tower.

Fig. 25- 5.5 percent Saturn IB model with generalized

payload shroud and Launch Complex 34 umbilical tower.
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Fig. 26- Typical load variation with wind velocity for the

Saturn IB vehicle.

Gemini-Ti¢_ln (TDT Test 72): A joint test program was

organized by NASA Langley researchers at the TDT and

with engineers from the Martin Company to study the

ground-wind loads response of the Gemini-Titan vehicle

and its erector tower. A 7.5 percent, aeroelastically scaled

model of the Gemini-Titan launch vehicle was fabricated

for testing in the TDT at full-scale Reynolds numbers and

up to full-scale wind speeds of 47.5 mph or 42 knots. In

addition to the scaled launch vehicle, a dynamically

scaled model of the erector tower was designed based on

measured full-scale frequencies. Inclusion of the

dynamically scaled erector tower was important due to the

limited clearance separating the vehicle from the erector
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asit is raisedor lowered.Thefull-scalestructural
dampingof thevehiclewasduplicatedin themodelwith
the aid of the viscous damper discussed in earlier sections.

Figures 27 and 28 shows the Gemini-Titan vehicle and

erector as tested in the TDT.

Fig. 27- 7.5 percent Gemini-Titan launch vehicle with

erector in the fully-raised position.

condition caused the vehicle to experience very little

static load. The large dynamic load was apparently

induced by a field of unsteady forces in which the body

was immersed due to the presence of the erector.

As in the case of the launch vehicle, maximum

dynamic responses of the erector were found to exist

when it was in the wake of the air vehicle, although all

dynamic responses were relatively low. Maximum total

loads of the erector model were invariable static in nature,

generally by large margins.

In addition to wind-tunnel tests, full-scale ground-

wind load measurements were made on the Gemini-Titan

vehicle and its erector tower as part of a complete ground-

wind loads program. Figure 29 shows full-scale data

together with wind-tunnel test results and theoretical

predictions of response due to turbulence.

2.O x 106 /_
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Fig. 29- Response of Genfini-Titan to ground-wind loads.

Fig. 28- 7.5 percent Gemini-Titan launch vehicle with

erector lowered.

Test configurations included the launch vehicle

without the erector (simulating pre-launch condition), the

vertical and fully curtained erector, and the launch vehicle

in the presence of the erector positioned at angles of 6, 33,

and 50 degrees from the vertical. The TDT ground-wind

loads turntable was used to position the model azimuth

with respect to wind direction.

The maximum base bending moment on the Gemini-

Titan vehicle occurred when it was in the wake of the

erector (which was 33 degrees from vertical). This

Two-dimensional cylinder forced oscillation model

(TDT Test 94): Most of the launch vehicle ground-wind

loads studies conducted at the TDT involved vehicles

small enough that full-scale Reynolds number conditions

could be duplicated at model scale. However, vehicles in

the Saturn V class operated at Reynolds numbers well

beyond the capabilities of the TDT, or any wind-tunnel

for that matter, as pointed out earlier in this paper.

Furthermore, a growing body of evidence indicated that

vortex-shedding effects at Reynolds numbers of the order

of 107 are not necessarily reproduced at supercritical

Reynolds numbers of the order of 10% This concern led

to many discussions with design engineers from Marshall

Space Flight Center (the chief TDT customer li)r design-

type ground-wind load studies) regarding ways and means

of providing fundamental information about vortex

shedding effects at high Reynolds numbers. These

discussions culminated in a joint NASA-Martin Company

research program to study vortex shedding on a two-

dimensional cylinder in the TDT at Reynolds numbers up
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to those typical of Saturn V type vehicles. This research

program contributed a major extension to the existing
fundamental knowledge in this field as indicated in

Fig. 30. Also shown is the typical full-scale Reynolds
number condition for the Saturn V vehicle immersed in a

60-kqot wind. This research would therefore help bridge

the gap between model-scale testing of the Saturn V at
sub-critical Reynolds numbers and full-scale ground-wind
load characteristics of the Saturn V.
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Fig. 30- Previous investigations of two-dimensional wind-
induced oscillation effects on cylinders.

The wind-tunnel investigation at the TDT was

conducted on a large circular cylinder that vertically
spanned the TDT test section in a two-dimensional flow

at Reynolds numbers from 0.36 million to 18.7 million.
Figure 31 shows the model as tested in the TDT. The

cylinder was instrumented to read directly the mean-drag

and unsteady lift forces. In addition to the being fixed.
thc cylinder could be laterally oscillated over a range of

frequencies and amplitudes. This oscillation capability
was used to investigate the effects of cylinder motion on
the aerodynamic forces generated.

The results of this study indicated the following
conclusions:

(I) The mean-drag coeMcient on the stationary
cylinder, at Mach numbers less than 0.2, follows the

trends established by previous investigations and has

an approximately constant value of 0.54 for Reynolds
numbers between 4 million and I0 million.

(2) The frequency content of the unsteady lift force
on the stationary cylinder can be categorized into
three regimes dependant upon Reynolds number as
follows: wide-band random (I.4 million < Rn < 3.5

million), narrow-band random (3.5 million < Rn < 6

million), and quasi-periodic (Rn > 6 million).
(3) The Strouhai number of the unsteady lift on the

stationary cylinder in terms of the center frequency of
a Strouhal bandwidth follows the trends established

by previous investigations at Reynolds numbers from
1.4 million to 8 million. At previously unexplored
Reynolds numbers from 8 million to 17 million, the

Strouhal number is nearly constant at about 0.3.

(4) At Mach numbers less than 0.3, the root-mean-

square unsteady lift coefficient on the stationary
cylinder fluctuates at Reynolds numbers from 1.5

million to 8 million, then the range narrows into a
single function which decreases slowly with higher
Reynolds numbers.

(5) A lift force due to cylinder oscillation exists

when the cylinder is oscillated at or near the

aerodynamic Strouhal frequency of the stationary
cylinder. This lift force increases with increase in

amplitude of motion, building up to several times the
lift on the stationary cylinder. When the cylinder is

oscillated at frequencies far removed from the

aerodynamic Strouhal frequency of the stationary
cylinder, there is no significant lift due to motion.
(6) The unsteady lift due to motion was found to

have a destabilizing aerodynamic damping

component for cylinder motion at frequencies below
the stationary cylinder vortex-shedding frequency.

This component shifts abruptly to a stabilizing
damping force at frequencies above the vortex-
shedding frequency)i. ,2

Fig. 31-Two-dimensional wind-induced loads model as
tested in the TDT.

Titan III Phase II (TDT Test 95): The Air Force Titan

IIIC launch vehicle was designed to be transferred from
the assembly areas to the launch pad at Cape Kennedy by

the integrated-Transfer-Launch (ITL) transporter. On
four occasions during the fall of 1964, the empty

transporter was observed to oscillate in both moderate and
high winds. In two instances the structure was damaged.
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Concern over hazards resulting from wind induced

oscillations forced the Air Force to reduce the placard

wind speed for operation of the Titan IIIC transporter

from 40 knots (46 mph) to 22 knots (25 mph).

The Martin Company of Denver (Titan IIlC

contractor) proposed a joint TDT wind-tunnel lest

program with NASA Langley that utilized a dynamically-

scaled ITL transporter together with components of an

existing 7.5 percent scale Titan 111 model used in an

earlier program. Dynamic characteristics of the full-scale

ITL transporter were measured by the Marlin Company

and were used to properly scale the 7.6 percent transporter

model. Testing was conducted in R-12 heavy gas at 45

percent of the full-scale Reynolds number. The wind-

tunnel lest was conducted to (I) reproduce the observed

transporter phenomena, (2) define the problem, and

(3) determine suitable fixes to eliminate the transporter

problem without inducing any oscillation problems with

the launch vehicle. Also, it was desired that the mast fix

would eliminate the resonant forced oscillations of a

vehicle with a bulbous payload fairing when mounted on

the transporter. Proposed aerodynamic fixes included ITL

transporter spoilers, an open lattice configuration, and a

modified cross section configuration. Figures 32-36 show

the various transporter fixes and the transporter with the

Titan III vehicle with bulbous payload fairing in the TDT

test section.

Several of the aerodynamic modifications to the ITL

transporter were found to be satisfactory and performed as

predicted. Figure 37 illustrates the effects of each

aerodynamic fix on the resultant bending moment at the

base of the leeward transporter pylon at the critical wind

direction. The open lattice fix was selected as the most

desirable because it eliminated the wind induced

oscillation problem of the bulbous payload vehicle on the

transporter. _

Fig. 33- Open lattice configuration of the Titan III ITL

transporter.

Fig. 32- Basic configuration of the Titan III ITL

transporter.

The low speed wind induced oscillations of the full-

scale ITL transporter mast were successfully reproduced

in the wind-tunnel tests at the TDT. The nature of the

problem was explicitly defined as a lk_rced response due

to periodic vortex shedding and this confirmed pretest

predictions. Full-scale oscillations observed at 53 knots

(60 mph) were probably the torsion mode of the

transporter that was reproduced in the wind-tunnel tests.

Fig. 34- Spoiler configuration of the Titan III I'lL

transporter.
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Fig. 35- Modified cross-section configuration of the
Titan III ITL transporter.

Fig. 36- Titan 11I with bulbous payload fairing and
ITL transporter in TDT.
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Fig. 37- Resultant bending moment versus wind speed for
the isolated ITL transporter at the critical wind direction.

Skylab Launch Vchiqles (TDT Tests 182 and 200):

Early on in the development of Apollo-Saturn hardware,

NASA began to look toward a follow on program to
Apollo moon missions that would utilize flight hardware
for missions other than to the moon. This culminated in

the first U.S. manned space station as a part of the Skylab

program. The Skylab was essentially an S-IVB third
stage outfitted by McDonnell-Douglas as a living and
research quarters for astronauts to work in a shirtsleeve

environment. Skylab was boosted into orbit by the first
two stages of a Saturn V launch vehicle and manned

Apollo missions to Skylab were orbited by Saturn IB
launch vehicles. Both launches were from Launch

Complex 39B. Because of geometric and dynamic
differences of the Saturn V with the Skylab payload and

geometric differences of the Skylab Saturn 1B launch
complex configuration from past Saturn IB launches, a

ground-wind loads program was sought to clear the
vehicles of any possible wind-induced oscillation and

load problems.

In a cooperative program with the Marshall Space
Flight Center, approximately 600 hours of wind-tunnel
testing at the TDT were involved in establishing the

ground wind load environments for the Skylab launch
vehicles. Tests were conducted on a modified 3 percent-

scale Saturn V aeroelastic model with complex 39B and
of a 5.5 percent-scale Saturn IB with the upper part of

complex 39B. In both cases, the 39B umbilical tower was
a geometrically-scaled model. Figures 38 and 39 show

the Skylab launch vehicles as tested in the TDT.
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Figure40showsresultsfor theSaturnIB Skylabtests
whichindicatethatthecriticalwindazimuthis 120"and
thattheadditionof structuraldampingcaneffectively
reducethemaximumresultantbasebendingmomentfrom
near the critical designvalueto one muchmore
manageable.
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Saturn IB Skylab vehicle ground-wind loads.

This cooperative program resulted in the verification
of the Skylab vehicles ground-wind loads design criteria,

confirmed the fact that the external damper system for
suppressing dynamic response was satisfactory, and

provided the necessary information to define the

operational wind constraints.

Fig. 38- Saturn V with Skylab payload in
TDT test section.

Fig. 39- Skylab Saturn IB with Launch Complex 39B.

Space Shuttle (TDT Tests 210 and 306): Early in the

development of the NASA Space Shuttle, researchers at
the TDT realized that the winged orbiter and booster

configuration presented many rather unique problems
associated with ground-wind loads. While the Shuttle is
erected on the launch pad, it may be exposcd to

occasional high-wind conditions. In the case of the final

Shuttle design, the criterion for peak winds of 81 knots
corresponds to a one percent risk of exceeding that

velocity during a two-week exposure at the windiest time
of year. This ground-wind environment creates a wide

range of potential problems that include fatigue damage

due to long wind-exposure times accumulated during the
Shuttle's expected 100 mission service life.

Because space shuttle vehicles possess configuration
features that are unlike those of any previous launch

vehicle, it is not surprising to find new problems related

to ground-wind loads. For example, associated with the
Shuttle's noncircular bluff body shape is a potential for

aerodynamic galloping instability, and associated with the
large planform lifting surfaces is a potential for "stop-

sign" flutter- a stall flutter phenomenon involving
torsional oscillations about the longitudinal body axis.H

In order to addrcss these ncwfound problems

associated with wind-induced loads of space shuttle
vehicles, a 3 percent scale aeroelastic model of a

preliminary Space Shuttle design was tested in the TDT in
October of 1972. Figure 41 shows the model mounted on

the ground-wind loads turntablc in the TDT test section.
This wind-tunnel study was designed to provide an early

indication of the severity of ground-wind loads for
shuttle-type vehicles as a function of wind velocity, wind

azimuth angle, and structural damping: to assess the
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effectsof variationsof stiffnessof vehicletie-down
restraintsandorbiter-to-boosterlinks;andtoevaluatethe
typesof modalresponseto thesimulatedgroundwinds.
Figure42showsresultsfromthistestfor thenofuel,
73knotdesignwindconditionandillustratestheeffectof
launchtowerson thevehiclestaticoverturningmoment
coefficient,Thiscoefficientisdefinedasthemeasured
staticmomentnormalizedby theproductof dynamic
pressure,planformarea,andvehicleheightandisshown
asafunctionofwindazimuthangle.

AltertheShuttledesignfullymatured,acooperative
wind-tunneltestwith RockwellInternationalSpace
SystemsGroupwasconductedintheTDTinJulyof 1978
of a 4.6percentaeroelasticmodelof thefinal Shuttle
configurationwith andwithoutgeometrically-scaled
servicestructures.Figures43and44showsthismodel
mountedontheTDTground-windloadsturntable.The
4.6percentscaleorbitermodelwasthesameusedfor
earlierflutter/buffettestsof the747andorbiterpiggy-
backconfiguration.TestingwasconductedusingR-12
gasasthetestmedium,whichresultedin full-scalewind
conditionsandsubcriticalReynoldsnumbersontheorder
of 0.3scalefactor. Modelinstrumentationincludeda
pedestalmounttowhichtheorbiterwasattachedthatwas
instrumentedwithanarrayof straingagescalibratedto
yield the pitch, roll, and yaw bendingmoments.
Attachmentstrutswiththeleastmarginof safetywere
instrumentedwithstraingages.Thesestrutsincludedthe
forwardorbiter-to-external-tankstrut, the orbiter-to-
external-tankverticalstrut,andtheaft external-tank-to
solid-rocket-boosterdiagonalstrut. Aecelerometers(11
total)weredistributedwithin theexternaltank,solid
rocketboosters,andorbitersuchthattheexpectedlow
frequencymodesof thevehiclecouldbedetectedif the
vehiclerespondedatthosefrequencies.

Fig.41-Threepercentaeroelasticmodelofearly
SpaceShuttledesign.
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Fig. 42- Effect of launch tower on Shuttle static hold-

down moments for 3 percent aeroelastic model of early
Space Shuttle design.

Fig. 43- 4.6 percent aeroelastic model of the final Space
Shuttle configuration.
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Fig.44-4.6-%aeroelasticmodeloffinalShuttle
configuration(geometrically-scaledservicestructures).

ResultsfromthisstudyarepresentedinFig.45which
showsthevariationof thebasebendingmomentasa
functionof windazimuthangleforascaledwindvelocity
thatcorrespondstoastatistically-derivedonepercentrisk
of exceeding72knots.Themeasuredresultantbending
moment(staticplusdynamicloads)isnormalizedbythe
designvalue.Thedatafor thelaunchvehiclealone(as
whenbeingtransportedto thclaunchcomplex)indicate
thedesignmomentis not rcachedregardlessof wind
direction.Forthecasewherethelaunchvehicleisonthe
padsurroundedby theservicestructures,datawere
obtainedonlyatwindazimuthanglesfrom0_'to 120°due
to astaticloadfailureof thestructuresrepresentingthe
servicetower,rotarybridge,andpayloadchange-out
room.However,designmomentswerenotexceededover
therangetestedasshowninFig.45. It waslaterdecided
byRockwellnottotestwith_newservicestructureata
laterdatebecausetheyfchthatthedatacouldbeobtained
usinganalyticaltechniques.I)uringtesting,notorsional
or"stop-sign"flutterwasob,,crvcdat any azimuth angle

in spite of the fact that the h_r,,ionzd stiffness was less than
full-scale requirement. _
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Fig. 45- Normalized base bending moment of 4.6 percent
scale model of final Shuttle configuration.

Atlas II (TDT Tt_st 443): The most recent ground-wind
loads test at the TDT took place in June of 1989 and
involved an Atlas II launch vehicle built at the time by

General Dynamics Space Systems Division. The model
consisted of an 8.6 percent aeroelastically-scaled model of
the Atlas I1 vehicle and a rigid, geometrically-scaled

umbilical tower model. The model design included a

scaled ground-winds damper connected to both the
vehicle and tower to allow lor qualification of the damper

to reduce ground-wind loads and vibration. Test

objectives included: (1) define steady state lift and drag
coefficients for vehicle responses as a function of wind

speed and direction and (2) define vortex shedding lift
and drag coefficients for vehicle responses as a function

of wind speed and direction. Design wind speed for the
Atlas il was 30 knots. Tests were performed using R-12

heavy gas as a test medium to match full-scale Reynolds
number and Strouhal number and the model was

configurcd in both the fuelcd and unfueled configurations.

Figure 46 shows the Atlas II model and umbilical tower
mounted to the TDT ground-wind loads turntable.

Figure 47 shows the results for the Atlas II in the
unfueled condition. The total resultant base bending

moment is shown vcrsus wind speed for a critical wind

azimuth angle. With the damper installed, the resultant

bending moment is almost entirely due to the steady

bending moment and at 30 knots it is less than the critical
limit. Without the damper, it is shown that the design

bending moment is exceeded at approximately 23 knots.
Ground-wind loads testing of the Alas II at the TDT
showcd that it would bc free of wind-induced load

problems during fueling and launch preparations prior to
launch.

Fig. 46- 8.6 percent scale aeroelastic Atlas 1I model and
umbilical tower.
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Fig. 47- Full-scale resultant bending moment of"
Atlas It vehicle versus wind velocity.

LAUNCH VEHICLE DYNAMICS

The TDT has supported a number of launch vehicle

dynamics measurement tests over the facility's history.
This section of the paper deals with some of the basic
launch vehicle configurations and measurements that

were most pertinent to the in-flight atmospheric transition
of launch vehicles. TDT testing of a less conventional

launch system, the Space Shuttle, will be included in a
later section of this paper.

Most of the TDT launch vehicle tests centered on

Saturn-Apollo manned space flight vehicles. All of these

tests occurred in the first decade of testing in the TDT

(through 1969). Aside from Space Shuttle testing, no
additional testing of launch vehicles occurred until 1988.

Since 1988, three basic launch vehicle configurations
have been tested. All known TDT tests associated with

the flight of launch vehicles are covered in this section of
the paper. Not all of these tests would be described as

typical TDT tests. Based on the limited amount of
information that could be found on some of these tests

from many decades ago, it is possible that a few of them

did not entail dynamics testing.

Precursory manned launch vehicle (TDT Tests 24 and

31): A TDT wind-tunnel investigation was completed in
the early 1960's to research buffet characteristics of

representative launch vehicle for the manned lunar

mission. The basic model design was quite similar to the

eventual Saturn-Apollo vehicle. The investigation

primarily involved the testing of two different scale rigid
models of the same vehicle to assess scaling effects on
buffet measurements. However, there was also an

approximately two-percent aeroelastically scaled model

of the same vehicle. A limited number of response

measurements were made using this aeroelastically scaled
model. The primary purposes of these tests were to
define any buffet problem areas on the manned launch

vehicle configuration and to study whether buffet pressure
characteristics measured on models could be scaled with

confidence to full-size vehicles using normal scaling
relationships.

The two rigid models were 8-percent and 1.6-percent
scaled models of the planned manned launch vehicle. The

basic 8-percent wind-tunnel model is shown sting-

mounted in the TDT test section in Fig. 48. Figure 49
shows both of the rigid models together. For both of

these rigid models, four different escape-tower

configurations were available for testing. These models

were instrumented with six unsteady pressure measuring
transducers for measuring buffet response. The 8-percent
scale model had one additional unsteady transducer

located on the forward cone-cylinder shoulder.

Additionally, the 8-percent model had 22 steady pressure

measurement devices to give a steady pressure
distribution over the same streamwise length of model
that was covered by the unsteady pressure measurement
transducers.

Fig. 48- 8-percent launch vehicle model sting-mounted
in the TDT.

Fig. 49- The 8-percent and the 1.6-percent rigid launch
vehicle models.

The two-percent aeroelastically scaled model was a

previously existing model with similar geometry to the
manned vehicle. This model was modified with a

removable sleeve to simulate the proper shape of the
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forward portion of the manned launch vehicle
configuration. With this sleeve attached, the aeroelastic

model became a 1.427-percent model of the full-scale
vehicle, with the model downstream of this sleeve

oversized compared to this scale factor. The model scaled

the first free-free bending rigid-body pitching frequencies
to within about 20 percent of the frequencies for the full-

size vehicle. The aeroelastically scaled model without the
removable sleeve is shown in Fig. 50. The purpose of this

aeroelastically scaled model was to determine if model

flexibility would significantly increase buffet loads.
Although the aeroelastic model was not an exact replica

of the flight vehicle, it was felt that this model would
indicate any substantial increases in buffet response. It

was found that buffet response was not significantly
affected b the for this confi uration,

wind-tunnel models, the data obtained from the TDT

tests, and discussion of the test results.

Project FIRE Buffet and Air Loads (TDT Test # 38):

Project FIRE (Flight Investigation Reentry Environment)
was a flight reentry program conducted by NASA to

study total heat transfer and related phenomena of
atmospheric reentry. The Project FIRE vehicle consisted

of a blunt shaped reentry package and rocket motor
(velocity package) mounted to an Atlas D launch
vehicle. _t_

The relatively blunt nose of the Project FIRE space
vehicle nose suggested the possibility of buffeting

problems in the transonic and supersonic portion of the
launch ascent. Consequently, a test program was

conducted in the TDT to determine if buffeting problems
existed and to investigate configuration variations that

would alleviate any buffeting problems that might occur.

The test also provided detailed static pressure
distributions required for loads and stability calculations

on the vehicle (A. Gerald Raney, 1662- internal
memorandum available from the NASA Langley
Aeroelasticit' Branch).

Fig. 50- Photograph of the 2-percent aeroelastically scaled
model without the removable skirt installed.

The maior conclusions from this test program were

drawn from the two rigid model tests. The first
conclusion was that the wake off of the escape tower for

the vehicle, under certain conditions, produces relatively
high noise levels (about 168 decibels) on the nose and

cone-to-cylinder shoulders of the upper stages of the
vehicle. Certain tower rocket configurations produced
more noise than others did. Secondly, it was concluded

that regardless of the presence or absence of the escape

tower, large pressure fluctuations occurred on the vehicle
just aft of the cone-to-cylinder shoulders in a narrow band
of Math number just below 1.0. It was noted that these

fluctuating pressures could cause a problem in venting

unpressurized portions of the vehicle: however, the
fluctuating pressures were not anticipated to cause any

structural response problem. This lack of impact on the
structural response was inferred from the tests with the

1.427-percent aeroelastically scaled model. The final
conclusion drawn from this work was that an evaluation

of buffet scaling relationships derived from simply

dimensional considerations for these tests provides
evidence that properly scaled models of launch vehicles

can be used to determine buffet pressure characteristics.
Reference 16 provides a more complete summary of these

Fig. 51- I/6-scale rigid Project FIRE buffet model.

The model was 1/6-scale, rigid, and included the
reentry vehicle, velocity package and three diameters of
the Atlas rocket. Model instrumentation included 10

high-frequency unsteady pressure transducers at locations

selected as likely fi_r unsteady flow conditions and 69
static pressure orifices spaced along 21 longitudinal

stations. Four configurations were tested: a baseline
configuration, shown in Figs. 51 and 52 and three

modified configurations which added combinations of
wooden pods which simulated explosive bolts and a

"doughnut" shaped fairing that would house four spin
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rocketmotorsatthebaseof thevelocitypackage.The
testwasconductedusingR-12asthetestmediumovera
Mathnumberrangeof approximately0.40to 1.15,at
angles-of-attackfrom-8°to8°, andatReynoldsnumbers
upto 1.5x 10"basedonthevelocitypackagediameterof
0.418feet.

Testresultsindicatedthattypicalvaluesof pressure
fluctuationswereapproximately8percentof thedynamic
pressure.Themaximumpressurefluctuationsoccurredin
thehighsubsonic/transonicregionwithvaluesashighas
20percentof dynamicpressure.A descriptionof the
model,testprocedures,andresultsarepresentedinan
internalmemorandumtBrydsongandFoughner,1962)
availablefromtheNASALangleyAeroelasticityBranch.

Fig.52-ProjectFIREmodel:forwardsectiondetails,
baselineconfiguration.

Saturn I booster aeroelastically scaled model (TDT

Tests 48 and 60): At the time of the development of the
Saturn I-Apollo launch-vehicle system, it was recognized

that while buffet response could be reasonably assessed
based rigid-model measurements, aerodynamic damping
estimates were much more difficult to obtain. In order to

address this concern for the Saturn I configuration, NASA

began a program to develop analytical means of
predicting full-scale vehicle dynamics, and to

experimentally measure aerodynamic damping using
scaled wind-tunnel models. The analytical work was

conducted by Lockheed Missiles and Space Company and
is summarized, along with some of the experimental
results, in Ref. 20. Experimental studies were conducted

at the NASA Ames and Langley Research Centers. The
Langley tests were conducted in the TDT in 1962 and
1963 and are summarized in Ref. 21. The basic

objectives of the TDT tests were to measure the

aerodynamic damping and the buffet response for use in
assessing the full-scale flight vehicle.

The Langley model of the Saturn I-Apollo launch
vehicle was an 8-percent aeroelastically scaled model that
was build by North American Aviation, Inc. The model

was a very complicated system for that time and cost over
one million dollars to design and fabricate. The wind-

tunnel model was about 14.5 It. long, weighed 786 Ibs.,

and was sting mounted in the TDT test section. The basic

structure consisted of a central aluminum tube that gave
the model the proper scaled-stiffness distribution while

providing the strength need to conduct the dynamic wind-
tunnel test. The mass distribution of the model was

scaled to match the flight vehicle for the Math

number = 1.0 condition. This model had a fairly uniquc
capability of exciting dynamic response for measuring

aerodynamic damping because it had an electromagnetic

shaker built into the model structure. The moving coils of
the shaker were attached directly to the inside of the
modcl. The fixed-field coils of the shaker were mounted

on the sting that supported the model. In addition to the
flexibility of the model structure itself, the model was

mounted to the sting by a system of leaf-springs, cables
and torsion bars to provide the proper pitch stiffness of

the model and to assist in supporting the weight of the
model. The resulting support system provided simulation

of the full-scale rigid body pitch frequency with a
minimum of restraint imposed on the elastic deformations
of the model.

The basic wind-tunnel model configuration consisted

of the Saturn booster, the Apollo spacecraft (command
module), and the launch escape system attached to thc

command module. In addition to the basic configuration.
several modifications were tested in the TDT. The

modifications included the addition of a flow-separator
disk to the escape system rocket, removal of the first stage

fins, removal of the launch escape system for the
command module, substitution of a Jupiter nose cone for

the Apollo-spacecraft-and-escape system, and the

substitution of some modified thin fins for the relatively
thick wedge airfoil fins of the basic configuration. A
drawing of the basic configuration is show in Fig. 53 with

the removablc flow-separator disk attached above thc

launch escape system tower. The figure also shows a
drawing of the Jupiter nose cone that could be substituted

for the Apollo command module and the escape rocket
system. Fig. 54 is a photograph of the model sting-
mounted in the TDT test section.

The test in the TDT was conducted using the heavy
gas test medium for which the model was scaled. The

model was tested throughout the transonic range at
conditions up to a Mach number approaching 1.2. The

model was also tested for angles of attack up to six
degrees.

The results of these Langley TDT tests are discussed

in Ref. 21. Aerodynamic damping and buffet response
measurements were made for the basic launch vehicle

configuration with an Apollo spacecraft payload. Six
additional modified configurations were also studied.
Figure 55 shows an example of measured aerodynamic

damping valves as compared to analysis predictions. This
data figure is taken from Ref. 22. These data are

described as typical of data obtained during the test. It
shows that the basic damping with Mach number was

22

American Institute of Aeronautics and Astronautics



nearlyoppositein trendfor theno-diskversusflow-
separation-diskconfigurations.Theanalysisisbasedona
quasi-steadytechniquedevelopedbyLockheedMissiles
andSpaceCompanyasdiscussedin moredetailin
Ref.21. Reference22statesthatthecorrelationbetween
theanalysisandthe measurementsis good. This
statementis basedon twoconsiderations.First, the

qualitative agreement between analysis and experiment in

predicting the reversal in the basic Mach number trend
between the two configurations. Secondly, the

quantitative correlation is considered good in light of the
fact that: 1) obtaining experimental values of damping
for launch vehicles is difficult because of the low values

of damping involved, and 2) the aerodynamic complexity
of the configuration is difficult to capture given the

analytical technique. The data from these TDT tests was
later evaluated again in Ref. 23 with respect to

aeroelastically destabilizing effects on slender payload
bodies at high subsonic speeds. Reference 23 discusses

two types of destabilizing effects predicted by analysis

and speculates that some of the data from these TDT
experimental tests may represent an experimental

occurrence of one of these types of destabilizing effects.

f Flow - Separater Disk

Apollo Spacecraft

_ Command Module

¢- -----_

/

fl
Jupiter Nose Cone

Fig. 53- Drawing of the Saturn I launch vehicle model
showing nose cone configuration variables.

Fig. 54- Photograph of the Saturn I launch vehicle
mounted in the TDT.
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Fig. 55- Comparison of experimental and calculated
aerodynamic damping lot the basic Saturn-Apollo second

bending mode with and without the flow-separation disk.

Launch Escape Canard Model- (TDT Test 66): A key
capability of the Apollo spaceflight vehicles was the

ability to return the crew to the Earth's surface in the
event of a malfunction during the atmospheric ascent

phase of the launch. This was done via a portion of the
overall Saturn Apollo launch vehicle known as the launch
escape vehicle (LEV). The LEV actually consists of the

crew-containing command module and a rocket that is

used to pull the command module away from the launch
booster should a problem devclop. This rocket was
attached above the command module by a lower structure.
At the nose of the rocket on the LEV, there was a set of

canard surfaces that could bc deployed during a launch

abort. Figure 56, from Ref. 24, shows the deployed
canard configuration. In the normal, undeployed llight

configuration, these canards were actually external skin

components of the LEV rocket nose.
The idea behind the LEV was that if a flight

malfunction occurred, the LEV rocket would quickly

transport the command module forward of the launch
booster. Once the command module was safely removed

23

American Institute of Aeronautics and Astronautics



away from the Saturn booster, it was necessary to rotate
the LEV until the command module heat shield was

lacing lbrward in flight to ensure the survivability of the

returning command module. This phase of the escape
sequence involved deploying the rocket-nose canards

after escape rocket motor burnout to destabilize the LEV,
causing it to rotate into a heat-shield-forward position.

The canard surfaces also provided aerodynamic damping

after the vehicle had attained the desired flight attitude.
This damping reduced or eliminated the oscillations that

result from the rotating maneuver.
A number of wind-tunnel tests in many facilities were

conducted for this LEV canard configuration. Most of
these wind-tunnel tests were intended to determine static

and dynamic stability characteristics of the LEV with the

canard surfaces in the deployed (open) position. Refs. 24
and 25 summariz_ many of these tests.

Canard _ ,_

deployed "_!_

Canard escape i l

rocke! motor !i,.

ri"
W_

Fig. 56- Drawing of the LEV with the canard surfaces

deployed lbr launch-aborl escape.

A single test of the LEV canard configuration was
conducted in the TDT in late 1963. This test is not

covered in the previously mentioned references and no

other documentation has been found regarding this test.
However, photographs and films are available that shed
some light on the test and its objectives. The TDT model

(Fig. 57) was sting mounted and apparently was an actual
flight-vehicle article or a full-scale model. The model

only represented the most forward portion of the LEV

escape rocket, to just beyond the rocket nose cone. Films
show that the TDT test involved the actual deployment of
the canard surfaces from their stowed, "rocket-nose-cone-

skin" position, until their fully opened, deployed

configuration. The TDT was probably used Ik_rthese tests

because of its relatively large size, accommodating the
full-scale model, and because the TDT was suitable for

testing the dynamics involved in the deployment motions

and possible model lailures. The test may have simulated

flight dynamic pressures to help ensure that the opening
canards were strong enough for actual flight deployments.
However, from what is known about this test, it is
believed that these tests were conducted in the air test

medium at atmospheric pressures. One interesting aspect

of the deployment sequence in the TDT, based on film
clips of the test, is that these operational checks of the

canards probably began by detonating small pyrotechnic
charges that released the canard surfaces and initiated

their opening into the launch-abort escape attitude.

Fig. 57- Photograph of the LEV forebody model, with the
canards deployed, sting-mount in the TDT.

PSTLI Saturn Apollo Model (TDT Test 102):
Reference 24 discusses the need to define transient,

fluctuating pressure levels during launch trajectory for
structural design of the Saturn Apollo vehicle. The
reference mentions two models, identified as PSTL-1 and

PSTL-2 that were built for the purpose of determining

transient, fluctuating pressures of the Saturn Apollo
vehicle. The acronym PSTL stands for "pressure, static,
transient, launch". Data from these models were also

useful in determin!ng buffet response of the launch
vehicle. These models were supposedly built to be as
large as reasonably possible given facility limitations.
Reference 24. published in December 1966, covers

models tested through October of 1964. The report
discusses three facilities in which the PSTL-I and PSTL-2

models were tested: the North American Aviation
Trisonic Wind Tunnel, the Ames 14-ft Transonic Wind

Tunnels, and the Ames Unitary Plan Wind Tunnel. The

TDT is not mentioned with regard to unsteady pressure
measurement models because of the time period covered.
However, records indicate that a test of the PSTL-I model

was conducted in the TDT in February and March of
1966. No documentation of this TDT wind-tunnel test

has been found other than photographs. Figure 58 is a
photograph of the PSTL-I model sting-mounted in the
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TDT. Althoughnoinformationis availableaboutthis
test, it wouldbe reasonableto speculatethat this
additionaltestwasconductedbecauseof theavailability
of thePSTL-Imodelandtheinterestat thattimein
experimentallyresearchinglaunchvehicledynamicsin
theTDT. Furthermore,theremayhavebeenadesireto
correlatetestdatafor themodelfromthelargerTDT
facilitywiththeresultsfromtheoriginalthreefacilities
usedforPSTLmodeltcsting.Thecross-sectionalareaof
theTDT is approximately40-percentlargerthanthe
largestoftheotherthreetunnels.

Fig.58-PhotographofthePSTL1modelsting-mounted
intheTDT.

Bulbous shaPed uayloads (TDT Test 58): TDT

operational logs indicate that two bulbous payload launch
vehicle models were tested beginning in late December
1967. One was described as a large bulbous payload and

the second was described as a small bulbous payload.

Other than this operational log evidence that thc testing
occurred, no other documentation of the test has been

found. Some evidence of the planning process that was

taking place at NASA Langley regarding launch vehicle

research during this time period is available in thc form of
internal Langley correspondence memorandums
tmemos). These memos may shed some light on what

took place in the TDT wind-tunnel test. Therefore, in an
attempt to more fully complete the summary of TDT

space-related contributions, the content of some of these
memorandums will be discussed here.

The first memo that was found is dated July 1965. It

describes a research proposal to test a series of bulbous

payload models to measure static pressures. The memo
describes the lack of information that was available at that

time for bulbous payload shapes. The research project
was envisioned to provide a database that would allow

empirical estimation of airload distribution on launch
vehicles with bulbous-shaped payloads. Thc basis for

needing this data was that ever increasing demands to
enlarge payload volumes containing less-dense packages

was resulting in larger fairings to encompass the payload.

The larger payload fairing resulted in a necked-down
shape upstream of the primary booster stage. This type of

configuration camc to be described as a bulbous payload

vehicle. Analysis of this type of configuration for the
purpose of predicting airloads, particularly transonically,

was considered very difficult during this time period. The
proposed project callcd for about a dozen different

bulbous payload configurations to be tested to gather the

empirical databasc. Thc model variations were
anticipated to include different nose cone angles, fairing

boat-tail angles, booster flare angles, fairing cylinder
length-to-diameter ratios, and various ratios of forward

cylinder diameter to downstream cylinder diameter. The
tests were planned to cover a Math number range from

about 0.7 to 5.0 and an angle-of-attack range from 0 to 8

degrees. The planned Math number range means that
some facilities other than the TDT would have to be used

to meet the Mach number requirements. In fact, the
memorandum does not actually mention any particular

test facility. However. an engineer in the Aeroelasticity
Branch associated with the TDT wrote the memo.

A later memo, dated September 1965, shows that the

test program had evolved into a proposal to contract the
work for the government. The idea was for a contracted

staff to design the models, pursue their fabrication, and
then gather the test data for NASA. NASA research

engineers would then utilize the data to develop the
empirical methods of predicting airloads. This memo

states two targeted wind-tunnel facilities for conducting
this work, the Ames Unitary Plan 9-ft tunnel and the

Langley 16-ft transonic tunnel.

It is unclear if this program was ever really acccpted
within NASA. A memo dated June 1966 indicated that

the work loads of some of thc larger wind tunnels was
such that it precluded the testing of these proposed

bulbous payload models in thc forcseeablc future. This
1966 memo proposed that two pressure models, differing

in size by a factor of six, bc tested instead as a first step.
The larger model tests were to be conducted in the Ames

I I-ft by l l-ft tunnel and in the Langley TDT. This may
have been to acquire data for two Reynolds numbers, with
the Ames tunnel providing a Reynolds number nearly

twice the value of the TDT-test Reynolds number

according to the memo. The smaller model would bc
tested in the Ames 2-1"l by 2-ft transonic tunnel. The

memo goes on to state that if the data correlated well
between these different facilities for the two models, then

the original proposal to test many configurations would
continue to be pursued. However, the memo further
states that if the data did not correlate well between these

facilities for the similar, but different geometric scale

models, that the larger test program would have to be
reevaluated.

No other information regarding the development of

this proposed bulbous payload launch vehicle test
program has been located to explain events leading up to
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thesubjectTDTtest.Aspreviouslystated,theauthorsof
thispaperhavenotbeenableto locateanyspecific
informationon theTDTtestexceptthaia largeanda
smallbulbouspayloadmodelweretested.It isalsonot
knownif anytestingfromthisproposedprogramactually
occurredinotherfacilities.It maybepossiblethatthe
twodifferent-sizemodelsproposedin theJune1966
memowerethemodelsthatweretestedin theTDT,and
thattheyweresimplydescribedas largeandsmall
bulbouspayloadmodels.Whatlittle evidenceexists
seemstoindicatethattheTDTtestwasforstaticpressure
measurements.Thisin itselfwouldhavebeenunusualfor
theTDT,whichconcentratesondynamic,aeroelastic
testing. However,as previouslydiscussed,the
unavailabilityof otherfacilitiesmayhavecontributedto
theuseof theTDT,perhapsin anattemptto provide
evidencethatwouldhelpIorcetheinitiationof thefull-
scopeprogram.

An additional,undatedmemowasfoundin some
facility recordsfrom the March 1968time period
summarizingonceagaina proposedresearchstudyof
twelvebulbouspayloadmodels. This maybe an
indicationthatsomeNASAengineerscontinuedtopursue
thisresearchprogramafterthecompletionof theonetest
in theTDTinearly1968.A drawingshowingthebasic
bulbouspayloadmodelsthatweretargetedfor thislong
pursuedresearchprogramisshowninFig.59.

Fig.59-Thebulbouspaylt,adm_,dcl series proposed as a
NASA research prt,_ram in the late 1960's.

lloor mounted in the TDT and a series of TNT charges

were detonated from a tower behind the capsule. This test

took place in 1969. A photograph of the test setup is
illustrated in Fig. 60. A close-up photograph of the

command module model is shown in Fig. 61. Unsteady
pressures were measured to evaluate the blast wave
effects. Visual observations may have contributed

qualitative information regarding the effects of such

explosions. Some photographs, not included here, show

dark spots (possibly material pitting) on the downstream
side of the command module, which faced the explosive
blasts. Safety problems with such a test were of

considerable concern, and consequently the amount of

TNT was limited to 0.1 pound per blast. Pre-test
correspondence indicates that there was also a

requirement to build the detonation primer caps and
explosive container out of a non-metallic material to

prevent shrapnel damage to windows in the TDT test
section adjacent to the control room. The test results were

provided to the project personnel and no additional
documentation has been found.

Fig. 60- Setup in TDT for measuring blast loads on

Apollo Command Module.

Saturn-Apollo Command Module Blast Wave St_pdy

(TDT Test 148): During the development of the Saturn
Apollo vehicle for the lunar landing flights, there was

concern about pressure effects on thc Apollo command
module spacecraft of the shock front produced by the
detonation of launch vehicle propellants in the event of an

aborted launch. The escape tower with a solid rocket
motor was provided to remove the Apollo command
module (capsule) from the overall vehicle, but a

detonation blast wave could potentially interact with the

capsule. In order to evaluate this transient loading, a
model of the Apollo capsule with the escape tower was

Fig. 61- Photograph of the command module for the TDT
blast wave study test.
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Atlas-I Large Payload Fairine (TDT Test 423): A
wind-tunnel test of a 1/10th-scale Atlas-Centaur I Large

Payload Fairing launch vehicle model was conducted in
the TDT in 1988. This was the first flight dynamic

response test of a basic launch vehicle in the TDT since

1968. Ever increasing sizes and weights of launch vehicle

payloads had resulted in an effort to provide a larger
payload capability for the Atlas-Centaur launch vehicle.
The original Atlas-Centaur payload bay external diameter

was the same as the propulsion stages of the launch

vehicle. The new design, known as the Atlas-Centaur I
Large Payload Fairing configuration (hereafter referred to

as the Atlas-I LPF), had a 37.5 percent larger external

diameter payload fairing. This new "hammerhead"
payload fairing raised questions as to the unsteady

aerodynamic loadings which might develop in llight. The
NASA space vehicle design criteria specified in Ref. 26

would classify the Atlas-I LPF configuration as "buffet
prone" compared to the baseline Atlas-Centaur thai would
be classified as a "clean body of revolution".
Furthermore, wind-tunnel test results documented in

Ref. 27 indicated a relationship between payload fairing

cylinder length-to-diameter (L/D) ratios and vehicle
stability. A Titan lIl hammerhead configuration with an
L/D=0.4 was shown to be unstable during that test. In

order to correct this instability, the model L/D was

increased to 1.1. The Atlas-I LPF configuration does not
have the flow complexities associated with the large solid

rocket motors of the Titan IIi configuration: however, the
L/D ratio of the large payload fairing is 1.0. While the

previous wind-tunnel test results did not provide
sufficient data to define stability criteria for 0.4<L/D<I.I,

they did indicate potential stability problems for

configurations in this range. These launch vehicle
stability and buffet response phenomena are not easily

predictable by analysis. Due to concerns about these
phenomena, a wind-tunnel test was performed to
determine such effects on the overall vehicle response of
the Atlas-I LPF.

An aeroelastically-scaled model of the Atlas-I LPF
vehicle was constructed for wind-tunnel testing in the
TDT. The model was scaled for heavy gas testing in the

TDT. The primary features of the TDT that were
important for the Atlas-I LPF were the facilities relatively

large size. the heavy gas testing capability and the
transonic speed capability. The primary objectives of the
wind-tunnel test were to verify that the Allas-I LPF

configuration was aeroclastically stable and to determine

the overall vehicle bending moments due to buffet
expected during transonic flight. A secondary objective

was to conduct a parametric study to determine the effect
of various hammerhead fairing configurations (in addition

to the nominal design) on model response.
The wind-tunnel model was an aeroelastically-scaled

version of the flight vehicle and was capable of
simulating either of the first two bending vibration modes

of the full-scale vehicle by a partial mode technique. A

photograph of the wind-tunnel model for the nominal
flight configuration is shown in Fig. 62. Figure 63 is a
drawing of the wind-tunnel model showing its basic

dimensions. The primary purpose of the test was to

gather data concerning buffet response, which could bc
used to clear the vehicle for flight. Additionally, angle-
of-attack studies were conducted and several payload

fairing configurations were tested to assess the buffet

response and dynamic stability of off-design flight

conditions and geometric parameters. No dynamic
instabilities wcrc found lor any of the configurations

tested. The buffet response data for the nominal flight

configuration indicate that the unsteady buffet loads
represent 5-10 percent of the total design load and,
therefore, the buffet loads are not a large factor affecting

the overall vehicle design. Payload fairing length-to-
diameter ratio variations were Iound to have small effects

on the buffet response of the model, except in the case of

the smallest length-to-diameter ratio in the second
bending mode configuration. The various payload fairing

shapes that were tested are shown in Fig. 64. This

configuration experienced much greater transonic
buffeting relative to the other length-to-diameter models

for the second bending mode simulation. The effects of
angle-of-attack on buffet response were found to be small.
The model was more sensitive to Math number changes

than to angle-of-attack. Reference 28 contains a more

thorough summary of this wind-tunnel test program.
The wind-tunnel model configurations were

dynamically scaled to simulate either the first or second

vehicle bending modes during transonic flight with a

partial mode technique. This testing technique 29 was

developed at the NASA Ames Research Center and was
used in the Ames 14-ft Transonic Wind Tunnel. Thc

primary assumptions for this simulation are that, for a
typical launch vehicle, the mode shape forward of the first

node point can bc considered linear and that the majority
of the unsteady aerodynamic forces are introduced

through the forward portion of the vehicle. Thus, a
forebody model can be used to simulate the important

structural dynamic properties and the majority of the
unsteady aerodynamics of the entire launch vehicle.

Figure 65 shows calculated mode shapes for a forward
portion of the full-scale Atlas-I LPF vehicle for the first
two modes. The mode shapes lorward of the first node

point arc seen to be nearly linear. The Atlas-I LPF model

geometrically modeled the Ik}rward portion of the flight
vehicle with a single pivot point (see Fig. 66) about which
to simulate the structural dynamics of a given vibration

mode forward of the first node point. The wind-tunnel

model design mode shapes for the first two modes are
also indicated on Fig. 65. The wind-tunnel models

represent the linear (rigid) portion of the mode shapes
forward of the first node point. Based on the assumptions
used in the partial mode testing technique concerning the
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unsteady aerodynamic loading, the generalized mass of

the wind-tunnel model is scaled from the generalized
mass of the entire flight vehicle. Provisions were made to

allow the model to be moved relative to the dynamic pivot

point (see Fig. 67) and to redistribute the internal weight
so thp,t the frequencies and generalized mass of the first or

second bending rnode could be appropriately simulated.
Some of the wind-tunnel results from this Atlas-I LPF

test were actually compared with flight data. The first
flight of the Atlas-Centaur I vehicle successfully occurred

on July 25. 1990. Some strain gauge data were acquired
from this initial flight which were compared with results

from the wind-tunnel test. This comparison is shown in

Fig. 68. The wind-tunnel results are for the L/D=I.0, first

bending mode simulation configuration. This
conllguration is considered to be the best available

simulation of the l]ight vehicle. The bending moment
coefficient. Co , shown for the wind-tunnel model in

Fig. 68 has been scaled to full-scale flight data and

adjusted to represent the same body station as thai
measured in flight. Since the majority (greater than 95

percent) of the flight bending moment response at this
station was found to be attributed to the first vehicle

bending mode, it can be directly compared to the narrow-
band response of the wind-tunnel model in the first

bending mode configuration. Assuming that the flight
data approximates a normal random process, then it can

be said that the flight data is well below the 3o level
determined by the wind-tunnel model, as would be

expected. Although no proper conclusion can be drawn

IYom this observation, it is interesting to note thai the peak
response flight data generally occurred near the lo level

of the wind-tunnel model. The flight data indicates a

slight peak in the buffet response at approximately
M=0.73. The wind-tunnel data peaked at a higher Mach

number condition, approximately M=0.85. The wind-
tunnel model response is shown to continue to increase

beyond M=I.0, possibly due to the influence of wind-
tunnel facility mechanical vibration. In comparison, the
flight data tends to consistently decrease beyond M=I.0

as was expected based on past experiences with launch
vehicles.

The results of this test have prompted a few additional
comments in the literature. Reference 30 discusses buffet

loads of launch vehicles during atmospheric flight, and
notes that the Atlas-I LPF lo wind-tunnel data matches

flight data rather well. Perhaps more significantly,
Ref. 31 evaluated the Atlas-I LPF results for small

payload fairing length-to-diameter ratios, compared this
with additional data available in the literature, and

concluded that existing NASA design criteria guidelines

regarding the aeroelastic stability of launch vehicles needs
to be updated.

Fig. 62- Photograph of the Atlas-I LPF model sting-
mounted in the TDT.

1' I12.0" dia. D = 16.5"

,--.-i FIo.
Fig. 63- Drawing of model showing fairing dimensions.
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Fig. 68- Comparison of flight measurements with scaled

wind-tunnel test measurements. (L/D=I.0, first bending

mode configuration with vertical stiffening rods

installed.)

Delta II and III launch vehicles- (TDT Tests 510

and 519): In order to extend the viable market for the

Delta II launch vchiclc series, a new payload fairing was

developed to allow for a larger payload capacity. Two

versions of the payload fairing were developed for

mission specific operations, referred to as the baseline and

stretched configurations. The new fairings were unique in

that they incorporate a modified Haack nose instead of the

classical cone/cylinder construction. The new fairing

boattail was at a much shallower angle than had been used

in the past. According to NASA space vehicle design

criteria. "_' the new configurations are considered "stable

buffet-prone" bodies of revolution. Because of the

significant fairing configuration changes, it was decided

to experimentally determine the unsteady pressure

environment during transonic flight. A test of these

Delta II configurations was conducted in the TDT in

1995. Figure 69 is a photograph of the Delta II model

sting-mounted in the TDT. The objective of the test was

to measure the fluctuating pressure distribution along the

fairing configurations to later be used in the development

of forcing functions that are required in the performance

of spacecraft/launch vehicle coupled loads analyses.

The models were designed as rigid geometric

representations of the forward portions of the full-scale

vehicles. The models do not represent any dynamic

properties of the full-scale vehicles. It was assumed that

the buffet excitation forces would not significantly

amplify vehicle motion. The noses for both models

consisted of three-arc approximations of Haack

configurations. The nose on the baseline configuration

had a length-to-diameter ratio of 1.0 while the stretched

configuration had a slightly blunter nose with a length-to-

diameter ratio of 0.8. The length-to-diameter ratios for

the cylindrical section of the fairings were approximately

1.2 and 1.5 for the baseline and stretched configurations.
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Both configurations included a 9.75 ° boattail. The

boattail included two separation bolt covers because they

were considered significant protuberances. The bolt

covers were located at the base of the boattail 180 ° apart.
Sketches of the two test configurations are presented in

Fig. 70. The two model configurations were designed to
share as much hardware and instrumentation as possible.

Instrumentation included 78 dynamic pressure

transducers, 49 static pressure ports, a 6-component
balance, and 5 accelerometers. The dynamic pressure

transducers were located at six azimuth positions around
the body at 13 stations on the model. The stations were

selected to provide good coverage of the model,

concentrating on areas of transition where the highest
pressures were expected. The transducers were mounted
flush to the model surface. The static pressure ports

provided a finer distribution along the top of the model,
this data was used to give a more detailed definition of the
shock locations. The balance was located within the

model, aft of the model center of gravity. The five
accelerometers were distributed on either side of the

center of gravity. Two accelerometers forward and two
all measured pitch and yaw accelerations. An addition
accelerometer was used to measure axial acceleration.

Data was collected at Mach numbers ranging from 0.6 to

1.2 and angles of attack of 0, 3, and 5 degrees. Data
included fluctuating pressures, static pressures,
accelerations, and balance force and moment

measurements.
In 1996, a similar test was conducted for a Della III

configuration. A photograph of the Delta III sting-

mounted model is shown in Fig. 71.

Baseline Configuration

I_0= _ D 1.25D 1.0 = 1.2 -_-=

Stretched Configuration

__9.75 o

In _ L D 1.25
-6-o.8 -6 =15 y=

Fig. 70- Delta I1 test configurations.

Fig. 71- Photograph of the Delta III launch
vehicle model.

ATMOSPHERIC FLIGHT OF SPACE VEHICLES

Fig. 69- Photograph of the Delta II launch vehicle model.

Aeroelastic problems, when encountered by high
speed aircraft and other flight vehicles, most often occur
in the transonic region of flight. For a space vehicle, this

flight regime is generally encountered soon after launch

or during the latter phase of reentry just prior to landing.
Unfl)rtunately, this is also the flight regime where

analytical methods used to predict aeroelastic phenomena
are the least developed due to the extremely challenging

nature of transonic steady and unsteady aerodynamics. In
addition, spacecraft configurations can be significantly
different than those of typical aircraft and therefore

analytical and experimental results for aircraft may not be
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applicable to predicting aeroelastic and aerodynamic
phenomena for spacecraft configurations. As a result, the

TDT has been employed to provide the critical wind-
tunnel test data for the development and successful

operation of space vehicles that will experience subsonic

and transonic flight conditions.
Aeroelastic and aerodynamic testing of space vehicles

in the TDT, however, has been very similar to those
conducted to investigate the phenomena that are the same

or very similar to those experienced by aircraft. These
have included flutter, buffet, control surface buzz, and

divergence along with performance testing where loads

have been acquired using a strain gauge balance.
Vehicles as diverse as the Space Shuttle, National

Aerospace Plane (NASP), and Mars Airplane concepts
have been tested in the TDT because of the same

properties and capabilities that make it so well suited for

testing aircraft and similar research configurations. The
large test section, various mount systems available,

variable pressure capability, use of air or heavy gas as the

test medium, high-speed data acquisition system, and a
staff experienced in transonic aeroelastic and

aerodynamic testing make it the Io,,ical_ facility to test

space vehicles for aeroelastic and aerodynamic
phenomena at speeds up to Math numbers of 1.20.

The following sections describe and provide an

extensive list of references for the model tests performed
in the TDT of space vehicles where the goal was to

simulate flight through earth or planetary atmospheres, up
to Mach numbers of 1.20. For Space Shuttle wing

concepts through NASP anti more recently the Mars

Airplane program, the TDT has provided a significant
impact on these programs by employing the unique
features of the TDT anti il_ staff to determine the

aeroelastic and aerodynamic properties of space vehicles.

Reen¢ry Vehicle - Surface Roughness Effects on
Aerodynamics (TDT Tesl 1501: The success and

knowledge gained during the lilting body program of the
1960's and 1970's led dir¢clh tt_ the capability of the

Space Shuttle to reenter the amlt-,phere and land without

propulsive power. A critical tact_w in lifting reentry is the
ability to maintain stabilfl5 and Ihc required L/D through
to landing on a runway. Thermal protection is required

for reentry from space and may suffer significant

degradation from the heating, cut,ling, and aerodynamic
forces experienced during reentry. A USAF

investigation into the possible effects of ablation
roughness on the aerodynamics of a lifting body vehicle
indicated that the adverse effects could be very

significant. _2 In addition, NASA and USAF personnel

agreed that the present state of knowledge on the effects
of ablation roughness on subsonic aerodynamic
characteristics was inadequate (internal NASA Langley

aeroelasticity branch memorandum). As a result, a
cooperative NASA/USAF research program was initiated

to investigate these aerodynamic effects of ablation

roughness to provide a database for use in predicting how
an affected full-scale manned reentry vehicle would fly

after experiencing reentry.
The vehicle selected for the investigation was the

Martin SV-5D/FV-3 PRIME (Precision Recovery

Including Maneuvering Reentry) vehicle which was a
0.28-scale model of the X-24A manned low-speed flight
research vehicle. This SV-5D had been flown on a

suborbital flight and then restored and modified to allow

for aerodynamic performance testing in the TDT. The

rough surface caused by reentry remained although there
was concern that results for the SV-5D would not be

directly applicable to a manned vehicle since the

roughness scale may not be appropriate. This issue was
never fully resolved. A nearly identical second model

was constructed with the only significant differencc being
that it had a smooth surface. Both models were sting

mounted in the TDT and loads and moment data acquired

using an internal balance. The models are presented in
Figs. 72 and 73. The tests were conducted at Math

numbers from 0.30 to 1.00 at angles-of-attack of-3" to
20 _' at a sideslip angle of 0 °. Limited testing was also

performed at a constant angle-of-attack of 5_' while
sideslip angle was varied from -7" to 10". Testing was
also conducted at low (2.5xlff' to 4.5 x 10_'_ and high

(4.5x10 _ to 12.5 x 1()(') Reynolds number conditions to

determine its effect on performance for each of the
models. Both models had provisions for varying upper
and lower surface flap angles. _

i

A
Fig. 72- SV-5D/FV-3 Prime Vehicle (ablated model).

Results from the testing indicated that static

longitudinal stability of the ablated model (SV-5D)

decreased significantly for Mach numbers below M=0.7
when compared to the smooth model and became unstable
for Math numbers above M=0.70. Ablation roughness

was also found to cause pitch up. significant loss of lift at

moderate angles-of-attack, and a substantial increase in
minimum drag, especially at lower subsonic speeds. This
is shown in the data presented in Fig. 74. Finally,

ablation roughness was found to improve directional

stability at low subsonic Math numbers but decreased
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directionalstabilityathigherMathnumbers.Thistestin
theTDTclearlydemonstratedtheneedto considerthe
roughnessanddurabilityofthermalprotectionsystemsin
thedesignofliltingreentryvehiclesandwasasignificant
factorinselectionof theceramictilesusedaspartofthe
thermalprotectionsystemselectedfor useontheSpace
Shuttle.

Fig.73-Smoothreplicaofablatedmodel.
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Space Shuttle Win_ Concel_tS Buffet and Stall Flutter

(TDT Test 157, 158 and 186): Several space shuttle
vehicle concepts proposed in the early 1970's had the
shuttle reenter at very high angles of attack (o_,,,_=60"),

and remain at these high angles until they had decelerated
to moderate subsonic Mach numbers. The proposed

operation of a shuttle vehicle at these high angles of
attack and over an extensive speed range raised concerns

that stall flutter and/or significant buffeting would bc
encountered. A significant amount of data existed for

stall flatter and buffeting for normal aircraft operations

but the unusual requirements for the proposed space

shuttle concepts required additional studies of wings at
very high angles of attack at high Math numbers. In
addition, no analytical tools existed that would allow

accurate prediction of these phenomena at those flight

conditions. As a result, a two part exploratory
experimental investigation was conducted at the TDT to

provide stall flutter and buffet data for three simple
semispan wing models that were representative of
proposed shuttle wing designs. _4

The first two wind-tunnel tests used two semispan

wing models shown in Figs. 75 and 76. The straight wing
concept model had an aspect ratio of 7.36, a taper ration

of 0.42, and a NACA 0012-64 airfoil. The clipped delta
wing concept model had a 5(Y' swept leading edge,

unswept trailing edge, aspect ratio of 2.66, and symmetric
3% t/c circular-arc airfoil. Both models were constructed

from tailored aluminum alloy plates covered with a balsa
wood airfoil. The models were mounted cantilevered to

the tunnel sidewall turntable with the root clamping block

covered by a simulated half-fuselage fairing that projected
through the tunnel wall boundary layer. During testing,
test section speed was established at a selected Math

number and dynamic pressure. Model angle-of-attack was
then increased from 0 ° to 9(Y_and then decreased back to

0° at a nominal rate of 0.6')/see. Strain gauge outputs
were recorded and regions of buffet and stall flutter

determined for Mach number range of 0.20 to I. I0 in both
air and R- 12.

Fig. 74- Longitudinal aerodynamic characteristics of

smooth replica and ablated model with lower flap angle of
0 ¢'and upper flap angle of-I 5'L Mach number = 0.40.

i!_:!_, ._::_:

Fig. 75- Shuttle straight wing concept model at high
angle-of-attack.
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Fig.76-Shuttleclippeddeltawingconceptmodelatzero
angle-of-attack.

Resultsfromtestingof thesetwomodelsindicated
thatstall-fluttercriteriadevelopedpreviousto thesetests
forthinwingsseemedtobcapplicableforthickerwings
athigherspeeds.NostallIqutterwasencounteredforthe
clippeddeltaconceptwingmodelalthoughbothmodels
experiencedbuffetoverawiderangeof an,,les=, andMach
numberasshowninFig.77.
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Fig. 77- Stall flutter and buffet boundaries for space
shuttle wing concept models.

The third wind-tunnel test was conducted to determine

the effects of a large tip fin on the stall flutter and buffet
characteristics of a 0.05-scale shuttle booster wing

concept model. The model was mounted on the TDT
sidewall turntable in the same manner as the previous two

models as is shown in Fig. 78. As in the earlier tests, this
model was rotated through an angle attack range of 0 ° to
90 ° to obtain stall flutter and buffet boundaries.

No stall flutter was encountered for this model over

the test Math number range of 0.50 to 1.10: however,

significant buffet was encountered similar to the earlier

clipped delta wing concept model with maximum buffet
response occurring between 26 ° and 30" angle-of-attack

over the Mach number range tested. 3_

The results from the TDT tests of the three models

provided an important database for stall flutter and buffet

at high angles-of-attack for transonic speeds. The data
was available for evaluation of preliminary space shuttle

designs and analytical methods, as well as providing
insight into potential stall flutter and buffet phenomena.

Fig. 78- Shuttle booster wing concept model with tip fin.

Space Shuttle Vertical Tail Buffet/Flutter/Buzz (TDT

Tests 246, 258, and 321): During development and

design of the Space Shuttle, there was concern that the
vertical tail could experience aeroelastic problems such as
flutter, buffet, and buzz (rudder) during ascent and

reentry. As was typical for the 1970's, the analytical tools

available at that time to predict these aeroelastic

phenomena were not considered adequate and therefore a
wind-tunnel test of an aeroelaslic model of the vertical tail

was required. In addition, due to the shultle's complex

aerodynamics and structural interactions, a reasonably
detailed model of the vertical tail and related structures

and aerodynamics surfaces were needed to conduct thc
required experimental investigation.

The TDT wind-tunnel lest program involved three

separate tests using a 0.14-scale dynamically scaled

vertical tail mounted on a rigid model of a segment of the
orbiter upper aft fuselage. This rigid portion of the
model was attached to the sidewall turntable to allow

variation of sideslip angle. The objectives of the first lest

in the TDT were to determine the flutter characteristics of

the then current vertical tail design as well as investigate
vertical tail buffet and rudder buzz. The model had a

control surface rudder with actuator stiffness modeled by

steel flexural pivots. Different flexures were tested to
simulate nominal, 75% of nominal and 50% of nominal

actuator stiffness. The fuselage fairing was size scaled to
simulate proper local flow characteristics but was not

dynamically scaled. The model was also equipped with its
own internal shaker and control surface del'lector/rclease

mechanism to allow for subcritical damping
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measurements._ Thisinitialverticaltailmodelisshown
inFig.79.

Resultsfromthistestindicatednoflutterfor anyof
the configurationstested. Regionsof buffet were
encounteredwithonsetarounda Machnumberof 0.90
for the nominal-and 75-percentactuator-stiffness
configurations. The lower actuator stiffness
configurationsexperiencedrudderbuzzataMachnumber
of0.80.TheseresultsareshowninFig.80.

Thetwo follow-onwind-tunneltestsin theTDT
concentratedon determiningmoreaccuratebuffet
bendingmomentsontheverticaltail,especiallythosein
thetore-and-aftdirectiongeneratedbyactuationof the
speedbrakeusedduringshuttlereentryandlanding.The
firstlestemployedawedgetosimulateadeployedspeed
brakeasshowninFig.81whilethesecondtestemployed
a morerealisticsplit rudderspeedbrakeasshownin
Fig.82. In addition,thestructuralpropertiesof the
fuselagefairingin theregionof theverticaltail were
modifiedslightlyforthelattertwoteststo moreclosely
representthoseof theshuttle.Maximumopeningangle
forthedeployedspeedbrakein thefinaltestwas87.2°
whichwasthenthemaximumscheduledangleforMach
numberslessthan0.90.

Resultsfromthelasttestshowedthatthestaticfore-
and-aftbendingmomentexceededthelimitloadatMach
numbersabove0.70. Whenmeasured3-sigmabuffet
momentswereadded,thecombinedbuffetandstatic
momentsexceededthelimit momentsthroughoutthe
Mathnumberrangetested.Theseresultsarepresentedin
Fig.83aslull-scaleverticaltailbendingmomentin the
fore-and-aftdirectionasafunctionof Machnumberfor
themaximumpermissibleorbiterdynamicpressure.This
findingconfirmedresultsof thefirstverticaltail testand
indicateda morerestrictivescheduleof speedbrake
openingsand/ora verticaltail redesignmight be
necessary.

Fig.79-0.14-scale space shuttle vertical tail/rudder
model mounted on TDT sidewall turntable.
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Fig. 80- Results for first shuttle vertical tail
model test in TDT.

i
Fig. 81- Shuttle vertical tail buffet model with speed

brake simulated by wedge.

t.

Fig. 82- Shuttle vertical tail buffet model with speed
brakes deployed to 87.2 ° (maximum opening).
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Space Shuttle Wing/Elevon Flutter/Buzz (TDT
Test 246): During development and design of the Space
Shutlle, there was concern that the orbiter wing could

experience aeroelastic problems such as flutter, and buzz

(elevon) during ascent and reentry. As was typical for the
1970's, the analytical tools available at that time to

predict these aeroelastic phenomena were not considered

adequate and therefore a wind-tunnel test of an aeroelastic
model of the wing was required. In addition, due to the
shuttle's complex aerodynamics and structural

interactions, a reasonably detailed wind-tunnel model of

the wing and related structures and aerodynamics surfaces
were needed to conducl the required experimental

investigation.
The TDT wind-tunnel test program involved using a

0.14-scale dynamically scaled wing mounted on a rigid

model of a segment of the orbiter slarboard fuselage.
This rigid portion of the model was attached to the
sidewall turntable to allow variation of angle-of-attack.

The objectives of the test were to determine the flutter
characteristics of the then current wing design as well as

investigate elevon buzz. The model had a control surface
with actuator stiffness modeled by steel flexural pivots.
Different flexures were tested to simulate nominal, 75cA:

of nominal and 50% of nominal actuator stiffness. The

fuselage fairing was size scaled to simulate proper local
flow characteristics but was not dynamically scaled. The

model was also equipped with its own internal shaker and
control surface deflector/release mechanism to allow for

subcritical damping measurements. _7 The shuttle

wing/elevon model is shown in Fig. 84.
Results from this test indicated no flutter for the

nominal configuration at Mach numbers up to 1.10. The

75% actuator stiffness configuration also was found to be
flutter free up to a Mach number of 0.95 although a region

of low damping was encountered around a Math number
of 0.70. The 50_7,, actuator stiffness configurations

experienced flutter at a Math number of 0.65 that caused
loss of the outboard portion of the elevon. Data and
visual observation determined that lhe flutter mechanism

involved outboard elewm rotation and wing first bending

modes. The test showed that the then current space

shuttle wing design would be free from aeroelastic
instabilities within the planned flight envelope for Math

numbers up to 1.10. In addition, the test provided a

database for evaluating analytical lools used in the design
of the Space Shuttle.

Elevon ]

Fig. 84- 0.14-scale space shuttle wing/elevon model
mounted on TDT sidewall turntable.

Space Shuttle Full-span Testine The final verification
of acceptable aeroelastic characteristics for an aircraft

prior to operational use is generally obtained during a
flighl test program. The Space Shuttle program, however.

did nol include any actual flight tests except for air drops
from a 747 carrier aircraft. These only represented a

small portion of Ihe flight regime encountered during
orbital launch and reentry. This placed increased

importance on wind-tunnel tests of scaled dynamic
models of the entire Shuttle orbiter (reentry) as well as the

complete launch configuration (orbiter with external fuel
tank and SRB's). As a result, an extensive wind-tunnel

test program was conducted in the TDT between October
1975 and October 1978 to demonstrate the Space Shuttle

had adequate safety margin with regard to flutter and
vehicle buffet loads in lhe transonic and subsonic regions

of flight.

Shuttle Rigid Model on TDT Cable-Mount System (TDT
Test 266): The first wind-lunnel lest of the complete
Shuttle orbiter involved the use of a 0.055-scale "rigid"

stability model. This model represented the Space Shuttle

orbiter with a 65,000 lb. payload. Only geometry and
total mass properties were scaled/_ The primary

objective of the test was to demonstrate acceptable flying

qualities of the model on the TDT cable-mount system
over the operating range of the TDT in preparation for the
orbiter aeroelastic model test. which followed. In

addition, the use of upper and lower lift cables provided
the capability to position the model at high angle-of-
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attack which was used to define the wing buffet onset
boundary. Finally, although not in direct support of the

Space Shuttle program, the stability model was used as
part of an eflk)rt to demonstrate the ability to extract free-

flying stability derivatives using system identification

techniques and a cable-mount model. This model
installed in the TDT is shown in Fig. 85.

Fig. 85- 0.055-scale Space Shuttle rigid stability model
on cable-mount system.

The orbiter model was found to have acceptable flying

qualities up to a Mach number of 1.20, which allowed
later testing of the more critical flutter model to the

desired test conditions. The active capability (no longer
available) of the TDT cable-mount system and the

snubber cables suppressed a limit amplitude short perio.d
mode (pitch) instability that was present during most of

the test. Buffet onset was determined using wing root

bending moment strain gage output. At each test point,
model angle-of-attack was increased and static and
dynamic moment plotted versus angle-of-attack. A

discontinuity in the dynamic bending moment indicated
the angle for wing buffet onset for that Mach number.

The buffet onset boundary is presented in figure 86.
20-

_, deg
10

I 1 1 I I I I I
0 0.6 0.8 1.0 1.2

M

Fig. 86- Space Shuttle wing buffet onset boundary -
stability ("rigid") model on cable-mount system.

The final portion of this test was to investigate the

concept of extracting stability derivatives using a cable-
mount model. The test procedure, results, and data
reduction methods are described in Refs. 39 and 40.

These results are not known to have influenced the

Shuttle orbiter approach and landing test (ALT) program

but TDT results did seem to agree reasonably well with
values obtained from the ALT program as presented in

Ref. 41. Therefore. this portion of the Shuttle stability

model test in the TDT was important in proving a
concept, which could be, employed in future reentry
vehicle test programs.

Shut0e Dynamic Model on TDT (_ble-Mount System
(TDT Test 300): Testing of a 0.055-scale dynamically

scaled Space Shuttle orbiter model was conducted in the
TDT to accomplish two primary objectives. First, the test

was required to demonstrate that the orbiter had adequate

flutter margins of safety up to a tunnel dynamic pressure
of 180 psf in the transonic speed range. This

corresponded to a full scale dynamic pressure of 552 psf,
which was approximately 50% greater than the structural

design reentry trajectory value. The required margin was
32e_ on dynamic pressure. The second objective was to

obtain wing and vertical tail buffet response data in thc
transonic speed range at incremental angles of attack for

each of four speed brake positions (0 °, 25". 55", and fully
opened at 87.2°). This data would be used to establish

full-scale buffet loads for the orbiter. For this objective,
this full-span orbiter model was mounted on the TDT

cable-mount system with a remote-controlled pull-down
cable attached to the aft fuselage. This allowed the model

to be rotated to any nose-up angle-of-attack. The model
installed in the TDT is shown in Fig. 87. Model details.
test and results are described in Ref. 38.

Fig. 87- 0.055-scale Space Shuttle dynamically scaled
model on cable-mount system.

Test data did not indicate wing or vertical tail flutter
or single degree of freedom instabilities on any of the
control surfaces over a Mach number of 0.78 to 1.10 for

the required dynamic pressure margin of 32%. Buffet
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dataobtainedoveraMathnumberrangeof0.50to 1.15
andat angles-of-attackupto 15° indicatedpeakbu|'fet
responseatapproximately8°-10° angle-ofattackfor the
verticaltail fore-aftbendingandthe rudderhinge
moments.No peakswerenotedfor elevonbuffet
response.Thetestof thisorbiterthereforeaccomplished
its primaryobjectivesbydemonstratingthattheorbiter
wouldbefreeofaeroelasticproblemsduringreentryand
providingtherequiredbuffetdatato evaluatebuffet
characteristicslot thefull-scaleorbiter.

Integrated Space Shuttle Dynamic Model on TDT Sting

Support System (TDT Test 308): During the first few
minutes following launch, the Space Shuttle orbiter,

external fuel tank and SRB's reach supersonic speeds and
comprise a very complex structural and aerodynamic

system. Since analytical capabilities for predicting
transonic flutter and buffet loads during the late 1970's

were considered inadequate, a 0.055-scale dynamically
scaled launch configuration Space Shuttle model was
constructed and tested in the TDT.

This integrated Space Shuttle dynamic model was
tested in the TDT with the objectives of demonstrating the

required 32+7¢, flutter margin based on the Shuttle ascent

trajectory and to obtain buffet response data throughout
the angle-of-attack range anticipated for transonic speeds

during ascent. The model consisted of the previously
tested (TDT test 300) orbiter model mated with

dynamically scaled models of the external tank and two
solid rocket boosters (SRB's). The model was mounted

on the TDT sting support system, as shown in Figs. 88
and 89, using a pair of air springs mounted in tandem

between the external tank spar and a sting adapter. Since
the model was too heavy to be tested on the TDT cable-

mount system, this unique air suspension system was used
to decouple, as much as practical, the model from the

sting support system. Air spring stiffness could be
regulated remotely to control support system elastic axis

and frequencies. Model details, test procedures, and
results are described in Ref. 42.

Fig. 88- 0.055-scale Integrated Space Shuttle
dynamic model.

Results from the flutter testing portion of the test

indicated no flutter of the wing or vertical tail and no

single degree-of-freedom instabilities for any of the
control surfaces within and even beyond the 32% required

margin for dynamic pressure over a Math number range
of 0.50 to 1.10. These results were equivalent to full-

scale dynamic pressures of I (X)6 psf and 905 psf for Mach

numbers of 0.60 and I. 13, respectively. Buffet test results
indicated minimal response except for Mach numbers

between 0.85 and 0.95 where, as expected, there was
somewhat significant buffet response. This data was used

to evaluate buffet characteristics for the full-scale Space

Shuttle launch configuration.

Fig. 89- Integrated Space Shuttle dynamic
model - aft view.

National Aerosoace Plane- During the 1980's, an effort

was underway to demonstrate single-stage-to-orbit flight
using a vehicle known as the National Aerospace Plane
(NASP), or X-30. Aeroelasticity research was conducted

by NASA and by the Air Force Wright Laboratory in
support of the NASP design effort. The research included

development of computational codes for the prediction of
unsteady aerodynamics, aerodynamic heating effects on

vehicle aeroelasticity, and fuselage flexibility effects on
vehicle flight stability. In addition to these computational

studies, research also included some experimental studies
aimed at helping to assess the aeroelastic characteristics

of the NASP vehicle and to provide a data base from
which computational tools could be validated for a

NASP-likc configuration. Reference 43 is a summary of
early thought regarding potential experimental NASP
studies, with recommendations of suitable facilities.

Many of the preliminary experimental studies that

developed were conducted in the TDT. References 44-46
summarize some of the early progress on the NASP

program including discussions of somc of the initial
NASP-related TDT testing. Several of the scaled-model

tests completed later in the NASA program were also

37

American Institute of Aeronautics and Astronautics



conductedin theTDT.Reference47isasummaryof the
NASPaeroelasticityprogramat a point late in the
researchprogram.Thissectionof thereportsummarizes
theexperimentalstudiesthatwereconductedin theTDT
insupportoftheNASPprogram.

Delta wing models- (TDT Tests 407, 410, 420, 424, 425,

and 432): Early in the NASP program, six TDT tests

entries were conducted for relatively simple semispan
delta-shaped and clipped-delta-shaped wing models.

These tests were primarily aimed at providing low-speed
and transonic llutter characteristics for planiorm shapes

that were similar to the wing and tail surfaces anticipated
for the eventual NASP t]ight vehicle design. A large

range of wing parameters was researched in these early
tests. Wing tip shapes included fully triangular delta

shapes and delta shapes with the wing-tip region clipped
off parallel to the cantilevered root (essentially the

fuselage centerline). While the trailing edge of these
delta-planform wings were always perpendicular to the

freestream flow, a large range of leading edge sweeps,

from 30" to 72 °, were tested. In one portion of these tests,
a series of four models with constant planform and

leading edge sweeps of 30 C'.45", 60 '1. and 72 ° were tested.
Another test series examined wing-root-clamping effects.

For a model with 45 ° leading edge sweep, the amount of
the wing root that was cantilever-mounted was varied
from 21- to 100-percent of the wing root. Linear method
flutter calculations were made lor all of the lested

configurations. Nonlinear small disturbance code
calculations were also made for some of the

configurations. The results of these flutter tests and the

correlative analyses arc documented in Refs. 48-50.
Figure 90 shows some fluucr results from these tests

along with some analysis predictions. Figure 91 shows a
typical delta-wing model sidewall mounted in the TDT.
Some additional tests wcrc conducted in the TDT tbr a

delta-wing model mounted on _l flexible-mount system to

simulate vehicle pitch and plunge motions more

realistically. These resin, arc nol well documented.
Reference 51 mentions thc,,c nlodcls and includes a

representative drawing of Ih¢ iiioulll system.

300 jUnstable] oo
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Fig. 90- Analytical and experimental flutter results tor
some preliminary NASP-related delta-wing models.

Fig. 91- Photograph of a typical NASP-related

delta-wing model.

Aileron buzz studies (TDT Tests 43 I, 446, 448, 454, 460,

and 464): Another series of tests that were conducted in

support of early work in the NASP program consisted of

wing models with trailing edge control surfaces. The
general shape of the wings and control surfaces were built

based on candidate NASP vehicle wing designs at the
time of these experimental studies. Figure 92 shows a
typical aileron buzz study model mounted in the TDT.

Figure 93 shows some experimental buzz results obtained

during the testing. Buzz characteristics were obtained for
several highly-swept, clipped-delta-wing models that had

full-span, trailing-edge control surfaces. Single degree-
of-freedom "buzz" oscillations were obtained in the

transonic speed regime for all configurations tested. For
certain of the configurations tested, flutter was obtained at

low transonic speeds that changed to a pure buzz
instability as the speed was increased to near sonic l]ow

conditions. Linear flutter analysis calculations were made
for these cases and correlated well with the measured
flutter boundaries. References 52 and 53 summarize

these aileron-buzz studies.

Fig. 92- Photograph of a NASP aileron-buzz study model
mounted in the TDT.
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Fig. 93- Experimental buzz-study results from the TDT

generic NASP model tests.

Panel flutter tests (TDT Tests 449. 458, and 466): A

number of experimental panel flutter tests were conducted

in the TDT, some in conjunction with the McDonnell-

Douglas company, in an attempt to simulate and gain

understanding of possible panel flutter conditions for the

NASP vehicle. Even prior to this series of tests, it was

anticipated that slightly higher Math number conditions

than available at the TDT might be required in order to

achieve panel flutter. This possibility was verified in that

no panel flutter conditions were obtained during this TDT

testing. However, a more formal panel flutter testing

activity was planned under the NASP program that would

be carried out in the Langley Unitary Plan Wind Tunnel

(UPWT) facility. Lessons learned from the TDT panel

flutter test efforts contributed to the success of the UPWT

tests. Primarily, the TDT tests identified the extreme

importance of balancing the pressure in the support

system cavity behind the test panel in order to prevent

pressure-stiffening effects on the panel that might prevent,

or modify, the onset of panel flutter. As a result of this

finding, a pressure control system was built into the

UPWT panel flutter model support apparatus. Also, the

UPWT panel flutter support apparatus had the additional

remote capability of temporarily loosening the boundary

constraint on the test panel to allow stress relief from

temperature or pressure changes. The boundary was then

constrained immediately prior to panel flutter testing to

ensure the panel was relatively free of temperature-

induced-inplane-stress stiffening or pressure-induced

stiffening. No formal documentation exists for the TDT

panel flutter tests. However, Ref. 54 summarizes some of

the findings from the UPWT tests.

used a more complex model that was scaled to the

anticipated engine configuration of the NASP vehicle

design. These tests have not been Ibrmally documented.

Furthermore, security classification of these types of

results for the scaled engine model currently prevents

public dissemination of these test data.

Full-span NASP model (TDT Test 476): One of the most

elaborate NASP models that was tested in the TDT was a

full-span, floor-pedestal-mounted model of the complete

NASP vehicle design configuration. The purpose of this

model was to stud), the aeroelastic behavior of a wind-

tunnel model that was based on an unclassified

demonstrator version of the NASP vehicle. Parametric

variations of the baseline model wcrc tested to examine

the effects of all-moveable-wing actuator stiffness, the

location of the pivot along the wind root chord, and the

thickness of the fuselage. A secondary objective was to

determine how effective an existing linear aerodynamics

flutter analysis code performed in predicting flutter

conditions for the model. Figure 94 is a drawing of the

wind-tunnel model on the floor pedestal support. The

pedestal support stand was designed to allow somc

movement of the overall model in the pitch and plunge

directions. Figure 95 is a photograph of thc model in the

wind tunnel. Figure 96 presents the experimental llutter

points obtained during the TDT test for several

configurations. Figure 97 is one example of the

correlation between measured data and analysis.

Reference 55 discusses the details of these measured data

and summarizes the overall results of this test.

Foam contour (thick) -, Vertical fin -,

Fuselage structure
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Fig. 94- Full-span TDT NASP model and the

floor-pedestal mount system.

Engine inlet tests (TDT Tests 471 and 495): Two wind-

tunnel tests were conducted in the TDT dealing with

divergence concerns for the engine inlet apparatus. One

of these tests was of a simple model to obtain some

experience in testing this type of model and to provide

some data for correlation with analysis. The second test Fig. 95- Full-span NASP model in the TDT.

39

American Institute of Aeronautics and Astronautics



Config t: • Flutter O SDOFF i

Config 2: • Flutter I
Config 3: • Divergence ,3,no divergence; load limitsll

Con g 4: ,ItFlutter A no flutler; load limits B

120

ioril rt|
100 .... _ Unsteble.4._

I I

iI ¢&t
I

80

Dynamic

Pressure, 60-
psf

40

0,00.10,20.30,40.50.60.70.80.9110

Mach Number

Fig. 96- Experimental flutter points obtained with the full-

span TDT NASP model.
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Fig. 97- Comparison of measured and calculated flutter

points for the full-span TDT NASP model.

NASP lifting surface tests (TDT Tests 477,481, and 490):
A number of NASP lifting surface aeroelastic tests were
conducted in the TDT and in several other facilities.

These tests are distinct from the previously discussed

delta-wing models in both their complexity and the level
of scaling of the flight vehicle. The models used in these

lifting surface tests were conducted at a point where a
NASP structural and aerodynamic configuration had

firmed up to the point that it was reasonable to select a
fixed geometry and attempt to scale to a specific

structural model. Component lifting surface models were
built and tested for both the NASP vehicle wing surface

and the vertical tail. The NASP vehicle wing was

anticipated to be supported on a pivot-mechanism to
operate in an all-moveable fashion. All moveable models
were built for testing in three wind-tunnel facilities at

Langley: the TDT to cover low-speed and transonic
conditions, the UPWT for supersonic flow, and the

Hypersonic Helium Tunnel for conditions up to a Mach
number of nearly 20. All of these wings had some pivot

mechanism for simulating the all-moveable NASP
surface. Analysis predicted that this wing pivot

arrangement made the NASP flight vehicle design
particularly susceptible to body-freedom flutter, which

involves substantial coupling of the wing with the actual

vehicle fuselage. When such pew)t-mounted wings are
reduced to semispan wind-tunnel models, absent of the
influence of the aerodynamics and the structure of the

fuselage, this body-freedom flutter has a tendency to

exhibit itself as static divergence. Based on these
analytical findings, the TDT wing model and the UPWT

wing models were designed to obtain divergence

conditions. These divergence conditions could then be
correlated against analysis in order to gain confidence in

using the analysis techniques in the design of the actual
vehicle.

The model design for the TDT wing model is
summarized in Ref. 56 and some results of the TDT test

are presented in Ref. 57. The results of the test arc
discussed inn depth in Ref. 58. A photograph of this

NASP wing model is shown in Fig. 98. Reference 59
summarizes the lifting surface test that was conducted in
the UPWT. This model was also later tested in the TDT

to obtain subsonic and transonic divergence conditions to
complement the supersonic data obtained in the UPWT.
The results of the TDT test of the UPWT model have not

been formally documented. A drawing of the UPWT
model, showing the pivot mechanism and pitch-spring

element, is shown in Fig. 99. A photograph of the model
in the TDT is shown in Fig. 100. The high-speed HHT

wing models were scaled such that they exhibited a flutter
instability instead of divergence. The HHT models were

not tested in the TDT. However, for completeness in
covering the models of the NASP aeroelasticity program,

the test results for the HHT wings are available in Ref. 60.
Finally, one model vehicle was built and tested in the

TDT that was scaled to represent the vertical tail surface
of the NASP. A photograph of this model is shown in

Fig. 101. Reference 61 summarizes the vertical-tail

model design and Ref. 58 presents test results for the
vertical-tail test.

i
!
Fig. 98- The NASP wing surface model mounted

in the TDT.
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Fig. 99- Drawing showing the support mechanism for the

UPWT NASP wing surface.

1

Fig. 100- UPWT NASP wing surface mounted in the TDT
to gather subsonic and transonic divergence conditions.

Fig. I01- A photograph o1"the NASP vertical tail model.

Mars Airplane Concepts Test (TDT Test 540 and 541):
The Mars Airplane program (MAP) was initiated in early

1999 with the objective of rapidly developing the

technologies required to produce an airplane to fly over
the surface of Mars. The airplane was to have been part

of a larger Mars science mission with launch from Earth
scheduled Ior late 2002 and flight on Mars to occur in
December 2003/'-" The objective of the MAP mission was

to determine the feasibility and advantages of planetary
exploration by an airplane platform and to provide high

resolution imagery of Mars not currently possible using

orbiting satellites and/or surface rovers. The program was
cancelled in late 1999 due to budget and schedule

constraints but not before extensive scale model testing
was completed in the TDT.

The flight profile for the MAP included deployment
from an aeroshell and execution of a pullout maneuver at

transonic speeds as high as M=0.90. Cruise speed after

completion of the pull-out maneuver was targeted at
M=0.65. Due to the very low atmospheric density on

Mars, flight Reynolds numbers IRe) were expected to be
between 40,000 and 60,000 with flight dynamic pressures

of 1-2 psf. No transonic aerodynamic data was known to
exist for these low Re conditions and there was concern

that existing low Re CFD methods could not accurately

predict airfoil and aircraft perlormance. Thcrelore, due to

its ability to simulate the required flow conditions, the
TDT was selected to test a series of MAP design concept

models. The objectives of the tests were to identify the
most robust aerodynamic concept(s), provide data for
evaluation and calibration of 3-D CFD methods, and to

identify and correct any potentially serious aerodynamic

problems caused by the low Re transonic flow conditions.
The TDT wind-tunnel tests were conducted using four

I/4-scale full-span sting mounted models that represented
four candidate MAP configurations. Models were

designated according to their airfoil shape and sweep. A

brief description of the models is presented in Table 2. A
photograph of model MA-SC-1 is presented in Fig. 102.
Parametric variations included tail on�off, tail incidence

angle, wing flap angle, and a transition "bump" at
x/c=0.15. Model instrumentation consisted of a 6-dof

balance, a row of hot-film sensors (flow transition,

separation, and reattachment data) on the upper and lower
surface of the port wing and a row of static pressure

orifices on the upper and lower surface of the starboard
wing. Loads, static pressure and hot-film data was

acquired for angle-of-attack and sideslip angle polars
conducted at Reynolds numbers of 40.000, 60,000 and
100,0(X) Ik_r M=0.65 and 0.80. Data was also acquired at
M=0.50, 0.70, 0.85, and 0.90 for Re=40,000. Re effects

on wing static pressure distribution and Math number and
Re effects on lil'l are presented in Figs. 103 and 104,

respectively.
Results indicated that acceptable lift characteristics

could be achieved at the low Re conditions although

many of the configurations were only marginally stable in

both the longitudinal and lateral directions. The second
TDT test determined an inverted empennage and reduced

fuselage fairing thickness would improve stability
characteristics for a MAP vehicle. The unique low Re.
transonic database acquired will be a valuable resource

for any future Mars and/or high altitude earth airplane
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program. A formal NASA report documenting both of
these tests is to be published in the future.

Table 2- Mars airplane model descri

Model

MA-E387

MA-SC- 1

MA-SF-1

Airfoil

Eppler 387

Supercritical

Supercritical

Sweep,

degrees
0

9tions.

Trailing

edge flap
None

Starboard

only

Split flap

both winLzs
MA-SC- 11 Supercritical 30 None
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Fig. 104- Effects of Reynolds number and Mach number

on lift: MA-SC-I, transition bump at x/c=0.15, tail
incidence = 0 °

Fig. 102- 1/4-scale Mars Airplane concept
model MA-SC- I.
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Fig. 103- Effects of Reynolds number and Mach number
on wing static pressure coefficient distribution:

MA-SC- I, transition bump at x/c=0.15, tail incidence = 0 °

ATMOSPHERIC REENTRY MODEL TESTS

A number of Earth atmospheric reentry concepts have
been tested in the TDT. Extensive parawing-type

configurations were tested in the early 1960's as possible
concepts for returning re-entering space vehicles to

Earth's surface. Other reentry concepts such as
aerodynamic drag brakes, and deployable lighter-than-air

balloons also have been tested in the TDT. Finally,
parachute, attached inflatable decelerator, and drag-brake

concepts for use with planetary-mission vehicles have

been testing in the TDT. All of these atmospheric
decelerator concepts will be covered in this section of the

paper.

AVCO Ri2id Dra2 Brake (TDT Test 13): Several

different concepts for aerodynamic braking were

considered for reentry vehicles during the early 1960"s.
One involved an aeroshell-type decelerator that deployed
in an umbrella like manner. The AVCO rigid drag brake

test was a pathfinder for a more complex and
representative model for the concept that was to be tested

shortly after completion of the rigid model test. The rigid

model, shown in Fig. 105, of this concept was tested and
consisted of a wooden aeroshell type fairing attached to a

sting and supported by various cables. The more complex
model, shown in Fig. 106, was to have included
instrumentation for measuring loads and pressures on the

decelerator. This more complex test was not conducted
apparently due to cancellation of and/or loss of interest in

this AVCO decelerator program. No data or published
reports on the test are known to be available.
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Fig.105- I/i 2-scale rigid AVCO Drag Brake model.

concepts are collectively known as parawings. Parawings

can include a wide rangc of configurations from all-
flexible sail designs to sails with rigid or semirigid

frames. Over a period of several years, NASA conducted

free-flight and wind-tunnel studies of one all-flexible

parawing concept.
The research program was conducted to determine the

deployment characteristics of a 1/8-size dynamically and
elastically scaled model of an inflatablc parawing suitable

for the recovery of an Apollo-type spacecraft. The
objectives of the program were: I) to determine a

satisfactory deployment technique, 2) to measure the

transient loads associated with deployment, and 3) to
determine the applicability of wind-tunnel tests to

investigations of this nature. The wind-tunncl tests were
conducted in the Langley TDT.

Based on the photographic archives available at the
TDT, it appears that an initial, very small scale test of a

parawing concept was first tested prior to the start of this

I/8-scale model test program. Nothing further is now
known about this initial parawing test. The authors

speculate that it served as a learning experience for the
series of tests that followed of the I/8-scale models.

The experimental modcls were bascd on a full-scale

parawing-spacecraft combination that would have carried
a wing loading of 7 Ib/ft 2 and a nominal gross weight of

8800 lb. The parawing was similar to a parawing
proposed for the Gemini spacecraft, with a conical canopy

and equal-length, inflatable structural members. The
spacecraft design was dynamically and geometrically

similar to the Apollo command module. The parawing
attached to the spacecraft by five stainless-steel aircraft

cable-suspension lines. The photograph in Fig. 107

shows the parawing-spacecraft model during a successful
deployment in the TDT.

Fig. 106- AVCO Drag Brake model in
TDT calibration lab.

Inflatable oarawim, deployment sCudies
(TDT Tests 20-22, 46, 67, 73, 74, 82, and ! 19):

In the early 1960's, a number of spacecraft recovery
concepts were being studied to provide for more options

in selecting landing sites, particularly by providing flare
capability prior to touchdown. One approach to

accomplish this was to provide the returning spacecraft
with a kite-like gliding device that is deployed during

atmospheric reentry for final landing. Thcse recovery

Fig. 107- Photograph of a parawing model configuration

showing the spacecraft model, successfully deployed
parawing, and the apex drogue parachute.
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The deployment technique was developed in an initial
series of TDT tests (Ref. 63). These initial tests indicated

the need for close control of the various phases of the

deployment in order to avoid unstable oscillations and to
attenuate dynamic loads. As a result of these initial

studies, the deployment sequence used in subsequent
flight and wind-tunnel deployments used I) a three-point
aft attachment of the inflatable structural members to

improve the stability of the configuration during and
immediately after inflation, 2) a small drogue parachute

attached to the apex of the parawing to insure clean
separation after apex release and to damp the transient

motions of the wing after deployment, and 3) a system for

controlling the reel-out of the suspension lines in order to
attenuate the transient loads. The drogue parachute noted

above represents a second parachute used in the
deployment sequence. An initial drogue chute was used

to remove the cover constraining the parawing against the
spacecraft. The drogue parachute and cover would then

separate from the parawing-spacecraft combination. The
second parachute was introduced, based on test findings,

to provide a positive pitching moment to the parawing to

ensure clean separation from the spacecraft and to help
damp transient motions that immediately followed

deployment. However. the attachment position of the
apex (second) drogue parachute proved to be critical.
This was because all of the parawing configurations tested

exhibited roll instability during deployment, which would
stabilize as the parawing achieved full inflation and

rotated into a flying attitude. An improper attachment

point of the apex drogue chute would result in the
parachute slipping beneath the parawing, aggravating the

roll instability of the parawing and often resulting in
termination of a run during the wind-tunnel tests. A

drawing showing the general deployment sequence for the
parawings is shown in Fig. 108.

Using the equipment and deployment techniques
developed in the initial wind-tunnel tests, successful free-

flight deployments were accomplished, including the
measurement of transient loads during deployments.
Subsequent to the initial wind-tunnel tests and the free-

flight tests, additional TDT tests were performed to

investigate further variations of the deployment sequence.
Several of these deployment variations appeared attractive
for further study. Reference 64 is a summary report of

both the free-flight and the initial and latter wind-tunnel
tests. Regarding the final primary objective of these

experimental studies, it was found that the deployment

technique was not perfected sufficiently to prevent all
random motions and loads, with wide variations for even

the most similar deployments. On the other hand, the

general behavior of the parawing during deployment was
similar between wind-tunnel tests and flight tests. Also,

the loads measured during wind-tunnel tests were found
to be suitable for use as a preliminary indication of those
encountered in free-flight. Based on these results. Ref. 64

further concluded that the wind tunnel could serve as a

useful tool in the development of an inflatable parawing.
All of the wind-tunnel deployments were made in the

air test medium at atmospheric pressure. Deployments

were made at three different constant dynamic pressures
of 3.5, 7.0, and 10.5 psf. This was intended to simulate

three different flight dynamic pressures, starting at the
steady-state glide value of 3.5 psf and increasing toward

the terminal flight dynamic pressure of 30 psi'. The

reason for using the TDT for these parawing tests is not
specifically stated in any of the available literature that
was reviewed. Plausible reasons that the TDT was

chosen may be its relatively large size, good low-speed
control, acceptance of high-risk dynamic testing, and
perhaps the expertise of the aeroelasticians that conducted
lests at the TDT.

iI

i
i

__J, Apex release

Glide

Aft release

Fig. 108- Parawing deployment sequence.

In addition to developing a satisfactory parawing
deployment technique and meeting the other specified
objectives, this program provided much useful

information regarding the fabrication of dynamically and
elastically scaled inflatable structures. These spin-off

results are reported in Ref. 65.
Another reentry-type vehicle was tested in the TDT in

1967 that was referred to as "sail plane" parachute. This
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modelis mentionedherebecauseit is believedby the
authorsto bea parawing-varietyvehicle.An internal
memorandumfrom an engineerin the Langley
AeroelasticityBranchrefers to this modelas an
aerodynamicdeceleratordevice.Thiswind-tunneltest
wasin supportof aconceptbeingstudiedbytheNASA
MannedSpacecraftCenter.Theletterstatesthatthetest
"wouldincludedeployinga I/6-scalcmodelof thefabric
sailwinginapartiallyreefedcondition"in theTDT.The
objectivesofthetestwerestatedasbeingtomeasuredrag
andloadsintroducedat severallocationson themodel
duringthedeploymentevent.However,noinformation
canbe foundon the actualtestotherthanfacility
operationalshiftnotesthatindicatethetestoccurred.

Apollo Command Module Drogue Parachute

Deployment (TDT Test 49): Another aspect of the

Saturn Apollo vehicle that was tested in the TDT was the
deployment of the drogue parachutes used for landing the

returning command module back on Earth. Not too much
is now known about the results of this test that was

conducted in December 1962. Reference 24 indicates that

the model used for this test was a 1/10-scale "dynamically
similar" command module. Furthermore, the test was

described in a footnote with the words "force, dynamic,
parachute". Apparently the test was for the purpose of

demonstrating parachute deployment, learning about the
dynamics involved in parachute deployment, measuring

forces involved in the deployment (and most likely t.he
steady-state deployed-parachute configuration), and to

evaluate configuration variables. In particular, it is

known that several drogue chute diameters, chute
porosities, riser lengths, and elasticity were evaluated in

the TDT test. The command module model was gimbal-
mounted to a rod support that spanned the test section of

the TDT. Figure 109 shows the command module model
mounted on the rod support in the TDT. No photographs
could be found of the configuration with a drogue chute

deployed.

Paravulcoon Recovery System (TDT Test 124): Among
the many concepts for spacecraft recovery systems in the

early 1960's was an idea to use a ram air inflated hot-air
balloon that would be deployed during reentry to

essentially hover the recovered body for a soft landing.

The concept involved pulling a deflated, folded balloon
from the aft region of a spacecraft during atmospheric

reentry. This concept was known as the Paravulcoon
recovery system. During the early 1960's, a series of

wind-tunnel and flight tests were conducted to verify this

concept. These verification tests used a fairly blunt
lbrebody test vehicle for the demonstration of the balloon

deployment. The Paravulcoon concept, flight test results,
and results of wind-tunnel tests conducted in the NASA

Langley Spin Tunnel and in the Langley Full-Scale
Tunnel are summarized in Ref. 66. These wind-tunnel

test studies used a scaled-model of the proposed flight test

vehicle and balloon system (approximately 1/10 -scale)

for the purposes of simulating balloon deployment,
inflation, and terminal descent. These wind-tunnel tests

provided flight loads information and contributed to the
understanding of the dynamic stability of the Paravulcoon

during the different flight configurations.

iii iiii!iiiii

iiiiiii iiiii!i iil

Fig. 109- i/10-scale model of the Apollo command

module used for drogue parachute deployment tests.

Fig. I1 O- Paravulcoon forebody model in the TDT.

An additional test of the Paravulcoon concept was

conducted in the Langley TDT in 1967. However, the
results of the TDT Paravulcoon test are not included in

the previously published Ref. 66. Not much is now
known about the objectives of this particular test because
no other documentation has been found. The wind-tunnel

model, shown in Fig. 110, consisted of the balloon-

carrying forebody vehicle. Another photograph in the
TDT test section (Fig. II1) shows a drogue parachute
being extended behind the forebody and hand-held as if
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deployed.Reference66mentionsthatsomeof theother
LangleytestsusedNASA-supplieddrogueparachutesto
simulatetheinitialstagesofdeployment.Thefirststepin
deployingtherecoveryballoonwastouseaparachuteto
detachthelidovertheballooncontainer,andthentopull
theballoonoutof thevehiclecontainerforinflation.A
drawingfromRef.66thatmightassistin visualizingthe
deploymentsequenceoftheParavulcoonrecoverysystem
is includedin thisreportasFig.112.PerhapstheTDT
testincludedanassessmentof thedynamicsinvolvedin
dep fromtheParavulcoontestbod'

Fig.I I I-Paravulcoonlorebodymodelin theTDTwith
drogueparachutehandheldbehindthemodel.

.7 tti ;_ I
PIrIchtde OepOOyiTHIt_ _ _ :_

l]q_ioy_nt Event and Balloe. Extraction _ _!',Balloon Infla|ion

Balh:mn StrumKi ."
T_rrnlr_l Deicent

Fig. 112- Deployment sequence of the Paravulcoon
vehicle concept.

Soace Shuttle SRB Drogue Deolovment/Performance
(TDT Tests 243 & 275): During development of the

Space Shuttle, NASA's Marshall Space Flight Center was
responsible for development of the solid rocket booster

(SRB) recovery system. The concepts under study
utilized parachute systems for deceleration of the SRB's

prior to water entry. Several deployment concepts and
configurations were under consideration and it was

decided that wind-tunnel testing along with drop testing
was required to aid in defining the most reliable and cost

effective recovery system. Since flight path of the SRB's
was anticipated to be nearly vertical at the time of drogue

chute deployment, a vertical wind-tunnel facility was
considered, but was deemed of minimal importance since

accelerations due to aerodynamic forces would bc
approximately 7 to 10 g's. Testing in the TDT would

result in acceptable test section blockage for a reasonable

large scale model which would simulate more
representative flow conditions as well as allow sufficient

room to house a packed parachute and nose cap ejection
mechanism. The first test conducted in the TDT was

lbllowed by another test two years later due to a change in

the baseline configuration and the need for additional
parametric testing.

The initial test conducted in the TDT utilized 0.125-

scale parachute and SRB forebody models with the

primary objective of investigating the dynamic
characteristics of four candidate drogue deployment

concepts and to perform a parametric steady-state drag
investigation of 20 ° conical ribbon parachutes. Variables

included SRB angle-of-attack, nose cap t_jection velocity,

drogue chute geometric porosity, reefing line length, and
dynamic pressure. The correct scaled velocity for the

deployment portion of the tests was achieved by testing in
air at a nominal Mach number of 0.17. The four

deployment concepts tested are described in Ref. 67 and

illustrated in Fig. 113. The SRB drogue chute
deployment/performance model allowed lor deployment

and drag measurements to be performed at SRB angles-
of-attack from 70 ° to 130 ° and is shown in Fig. 114. The

SRB forebody for this model represented the forward
40_ of a complete SRB. The second SRB forebody

model represented a complete SRB and was used for

obtaining drogue chute drag force data at an angle-of-
attack of 180 ° (nozzle forward). This model is shown in

Fig. 115. Finally, interference free (no SRB forebody)
drag forces were measured using the configuration shown

in Fig. 116.
Results from the first test in the TDT are presented in

Ref. 67. No results lor the second test could be located

for inclusion in this paper although the second test was
similar to the first in that drogue chute deployment and

drag tests were conducted using much of the hardware
employed during the first test. Results from the first test

showed the baseline deployment concept to be promising

but concerns were raised regarding possible fouling
problems for a full-scale system. The effects of

geometric porosity, suspension line length and SRB wake
interference on drag are presented in Figs. 117 and 118.
These results correlated well with those from earlier full-

scale drop tests _'8 6_. Overall, the TDT tests provided
valuable data for development of a final SRB drogue

chute system. The recovery system currently used on
SRB's most closely resembles that shown as method 4 in

Fig. 113.
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_Droou_ Mod_s

Method 1 __c_e c_

Bag _gag

z_ P,_ol
Method 4

Fig. 113- SRB Drogue chute deployment concepts.

Fig. 114- 0.125-scale Shuttle SRB drogue chute

deployment/performance model.

Fig. 115- Shuttle SRB model in horizontal test

configuration lor drogue chute drogue force testing.

Fig. 116- Shuttle SRB parachutes for determining

performance without SRB forebody interference effects.
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Attached Inflatable Decelerator (TDT Test 149):

A flight device known as the Attached Inflatable

Decelerator (AID) was tested in the TDT in early 1969.
NASA extensively researched AID reentry vehicles

during the 1960's. Attached Inflatable Decelerators were

envisioned to be deployable at supersonic speeds for the

purpose of" decelerating spacecraft entering a planetary
atmosphere. A drawing of a typical AID design is shown

in Fig. 119. Ref. 70 indicates that an AID concept was
demonstrated to be advantageous for use in planetary

entry into the low density atmosphere of Mars.
References 71-75 are other documents the authors have

found covering some of AID research efforts, including
many wind-tunnel tests for AID models. However, no
formal documentation of the TDT test has been found.

A letter dated March 1967 from an engineer in the

Langley Acroelasticity Branch indicates an interest in
expanding the planned and on-going test efforts for AID

devices to include dynamic load testing. This particular

letter suggests making dynamic measurements during a
planned Langley Full-Scale Tunnel test. So very little is
known about the results of the TDT AID models test. A

pro-test meeting summary suggests the TDT entry was
requested by fellow NASA Langley engineers. The pre-

test meeting summary also indicates that the test would be

for the purpose of determining static aerodynamic
performance and static and dynamic stability of t.he
inflated device. It is known that testing of some of the

early tests of AID-type configurations determined that

transonic separation was erratically established on the
large outer diameter (streamwise) of the inflated

decelerator. This resulted in a poorly defined, dynamic
line of separation around the decelerator that caused

dynamic problems with the downstream skirt region of
the inflated decelerator. This situation was improved by
the installation of the smaller diameter, inflated "burble

fence" shown in Fig. 119. Perhaps the TDT test further

examined such dynamic stability issues of AID vehicles.
A photograph of one of the TDT AID models, sting-
mounted, is shown in Fig. 120. This photograph shows
that the TDT models did have burble-fence devices

attached to the main decelerator.

Some sparse notes found in operational logs at the
TDT state that the model sustained damage on at least two

occasions during the two-week entry, requiring that the

inflatable model be replaced before testing could
continue. However, this statement only attests to the
dynamic and high-risk nature of the TDT test and a

similar statement could apply to many aeroelastic tests
conducted in the TDT. It does not shed any particular
light on the success experienced in testing these AID

models or of the applicability of such devices in flight.

Lobe \

Burble fence _"_._-

.... -"_L _i_\\_il! ]l,I/Hf l YirP_(" :,J

Ram-air inl_

_._ .__ _ _- Inflatable afterbody

"_1_'_ Large-angle cone lorebody

Fig. 119- Drawing of an AID concept reentry vehicle.

Fig. 120- AID model sting-mounted in the TDT.

Vikinu - Mars Probe

The goal of the Viking program was to learn more
about Mars through direct measurements in its

atmosphere and on its surface. The Viking program was
initiated in 1969 and culminated in the launching of two

spacecraft, each consisting of an orbiter and lander, in
1975 with touchdown on the Martian surface in 1976. 7_'-7_

Experiments in various wind tunnels were used
extensively in support of the Viking mission. Six

different experimental investigations were conducted in
the TDT during the time period of October 1970 to July
1975. 79 These tests supported elements of the entry and

landed phases of the Viking mission and contributed
significantly to spacecraft development and ultimately to

the success of the program.
Experimental studies in the TDT in support of the

entry phase included a determination of parachute
environment and performance, aerodynamic

48

American Institute of Aeronautics and Astronautics



characteristicsexhibitedby two separatingbodies
(aeroshelland lander/base-cover),andlocationand
orientationof astagnation-pressuresensoronthelander.
Experimentalinvestigationswhichsupportedthelanded
phasewereaconvectiveheat-transfertestrelatedtothe
lander'sradioisotopethermoelectricgenerators(RTG)
and two testswhich supporteddevelopmentand
calibrationof the meteorologicalscienceexperiment
package.Theentryaspectsof thetestingarecoveredin
thissectionandthelandedvehicletestswillbediscussed
inalatersectiononplanetary-probetesting.

P_raqhute Environment and Performance (TDT Test 190):

An aerodynamic decelerator was required during the

Viking entry into the Martian atmosphere and consisted of

a main parachute (disk-gap-band canopy) assembly
trailing in the entry capsule wake. Initial experimental
tests at an AEDC wind-tunnel s_'yielded severe parachute

suspension-line vibrations and canopy oscillations, drag-

coefficient degradations, and several parachute
suspension-line failures. Following suspension-line

configuration modifications, transonic testing was begun
in the TDT.

0 .J_",

:'_ _ !i i_ _,i _

Fig. 121- 10 percent scale parachute model set-up.

The three objectives ot IIic TI)T test were to verify
AEDC test results, validate part,chute design changes, and

to obtain additional transonic parachute perlk)rmance data
in the entry capsule wake en_ il_nlllenl. A photograph of
the 10% scale disk-gap-band parachute model is shown in

Fig. 121. The objeetivcs of the test were accomplished in

that large drag reductions measured for the original
configuration tested at AEDC wcrc verified, the design

changes produced considerable improvement in system
performancc, and the new configuration did not suffer any

significant failures. Typical rcsults, prcsentcd in Fig. 122,
show the effect on parachute drag of canopy trailing

distance behind the entry capsule. Drag values for the
initial-design trailing distance (x/d = 6.12) were much less
than the required design values throughout the transonic

Mach number range. Based on TDT test results, the

Viking parachute subsystem was modified to provide
longer suspension lines and thus a greater canopy trailing

distance. This provided the desired increase in drag

values. This increase in canopy trailing distance also
reduced undesirable parachute dynamic motions.
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Fig. 122- Viking parachute drag-coefficient variations for
several canopy distances behind the entry capsule at

q=59.9 psi" (initial design x/d=6.12).

Stagnation Pressure sensor Location (TDT Test 193) One

of the scientific objectives of the Viking program was to

measure the variation of Martian atmospheric ambient
pressure with altitude during the parachute phase of the

entry. Since the pressure field on and in the vicinity of
the descending lander would be affccted by its passage

through the atmosphere, a test in the TDT was conducted
to determine the optimum location and orientation of a

sensor to measure stagnation pressure. The ambient
pressure was determined from stagnation pressure after

corrections for dynamic pressure and temperature effects
were applied, st The 19%-scale model shown in Fig. 123

was instrumented to measure static, stagnation, and
fluctuating pressures at various locations. The model was
tested at tunnel conditions simulating the median

Reynolds number expected during parachute descent over
a Math number range of 0.20 to 1.10. Parameters varied

included model anglc-of-attack and roll angle.

Stagnation-pressure measurements were made using Kiel
probes at various locations on the model. Based on test
results and lander geometric constraints and subsystem

interference, a probe location and a probe inclination
angle of 22.5" (with respect to the bottom surface of the

lander) were selected that produced prcssurc
measurements nearly invariant as a function of model

angle-of-attack and combined pitch-roll attitude. This
Kiel probe was successfully used during the Viking entry

to measure pressures during parachute descent and to
measure atmospheric prcssurcs alter landing on Mars. _'_
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DI Approximate final location of

stagnation pressure probe

Fig. 123- 19c//scale model used in stagnation pressure

sensor location test.

Acro_h¢lI-L_n_lcr/Base-covcr Separation (TDT Test 204):

While decelerating from slightly supersonic speeds, the

Viking aeroshell was jettisoned from the lander/base-

cover. Since forces and moments experienced by the two

separating bodies were needed as input to required

trajectory analyses, a wind-tunnel test in TDT was

conducted. Six component lk)rces and moments were

measured on the aeroshell and three components on the

lander/base-cover. The 10_7,,,-scale wind-tunnel models

used are shown in Fig. 124.

Fig. 124- 10% scale model used in Aeroshell-

Lander/Base-cover separation test.

Results from this test are shown in Fig. 125 in the

form of drag coefficient as a function of separation

distance between the aeroshell and the lander/base-cover.

In general, aeroshell drag increased initially, then as the

distance between the two bodies was increased, the

aeroshell drag gradually approached the values measured

under free-flow conditions. The shielding effect of the

aeroshell was indicated by the lander/base-cover drag

being zero or having a negative value at up to four

diameters separation distance, depending on Mach

number, and then gradually approaching tree-flow values

as distance was further increased. The experimental

aerodynamic characteristics of aeroshell staging, as

measured in the TDT, were incorporated into Viking

trajectory analyses and contributed significantly to the

design of the successful separation of the aeroshell.
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Galileo Probe P_rachute (TDT Test 383): The objectives
of the Galileo missionS_ ,. _3 were to conduct a

comprehensive exploration of Jupiter and its satellites by

use of an orbiting vehicle and direct measurement of

Jovian atmospheric characteristics by an entry probe. _
The .Galileo orbiter with attached probe was launched

from Earth on October 18, 1989. The probe entered

Jupiter's atmosphere on December 7, 1995 and
successfully completed its mission by transmitting data

for 57.6 minutes during its descent. The probe entered
the atmosphere at high speed and was slowed

aerodynamically to transonic speeds by the blunt
forebody. A parachute was employed to separate the
instrument descent module from the heat shield and then

provide drag for a controlled descent through the
atmosphere.

The experimental investigation in the TDT _4 was

initiated after a balloon drop test of a Galileo probe

simulator in 1982 during which the main parachute
opened slowly and erratically and the resulting slow

separation caused some damage to probe hardware. This

result was considered unacceptable since similar
performance during the actual mission could result in

delay of the initiation of scientific instruments and
damage to specific sensors. The primary objectives of the

TDT test program were to replicate the drop-test results in
a wind-tunnel , perform parametric variations of the

parachute system design, and demonstrate acceptable
parachute deployment and performance for a revised

design.
The TDT wind-tunnel test was conducted at simulated

flight conditions using l/4-scale and 1/2-scale models of

the Galileo probe conical ribbon-parachute. The
remainder of the test hardware included a forebody,

adjustable steel aircraft cable, forward-canted floor-
mounted strut, and a winch assembly, located below the

tunnel test-section floor, used for controlling parachute
position. Model installation details and a photo of the

model are shown in Figs. 126 and 127, respectively.
Model scale, forebody shape, angle-of-attack, dynamic

pressure, Mach number, parachute porosity, and canopy
trailing distance were varied to determine their effect on
parachute performance. Both steady-state and

deployment tests were conducted. Parachute drag was

measured and found to degrade severely at canopy trailing
distances of 5.5 (drop test distance) and 7 forebody
diameters (x/d) as shown in Fig. 128. Performance was

shown to be good at trailing distances of 9 and 11

diameters. Improvements in parachute performance were
subsequently confirmed in a second probe system drop
tesff 5. Based on the results of the second drop test and the

use of the TDT recommended configuration for the actual
probe, the TDT test program of the Galileo probe

parachute system contributed significantly to the
successful collection of Jovian atmospheric data. _"

x/d _'] ,.- Galileo

cAircraft t / Forebody

 2-c7 '
Cameras

Load Cell_ ] _

"_L_,___J _ Winch Assembly

Fig. 126- Galileo probe parachute model
installation in TDT.

Fig. 127- Galileo probe model with 1/4-scale

parachute in TDT.

$1

American Institute of Aeronautics and Astronautics



.5-

.4

CD "3

.2

.1 I
4 12

/ in 0.95
] IO 0.8
[] I A 0.6

I I I

6 8 10
x/d

Fig. 128- Galileo probe parachute drag coefficient versus
canopy trailing distance: I/4-scale parachute, forebody

AOA=0", parachute porosity=29%.

PLANETARY-PROBE TESTING

Planetary-probe testing represents a very small portion
of all TDT tests. This space-related testing category is
distinct from the other four categories in that it does not

involve measurements related to any aspect of flight, or to

ground-wind loads in the conventional sense. Rather,
these tests involved studying the landed-phase of the Mars

Viking vehicles to determine Ihe effects of Martian
ground winds on instrumentation accuracy and

temperature control of instrumentation packages.

Flgw Fiqld Measurements around Lander

(TDT Test 180): An earl_ concept of the Viking
meteorological investigation had wind and temperature

measurements made by sen,,or,, located at the end of a
boom deployed by the lamter. The location and length of

this boom were dictated b_ accuracy requirements. The

optimum design of this boom required a knowledge of the
flow field around the lander. Reynolds number was one
of the key parameters for simulating this flow field

around the lander. The TDT. with its low density
capability and large test section, was well suited to

simulate the low Reynolds number conditions expected
on Mars with a large-scale geometrically accurate model.

A 45%-scale model of a proposed lander was mounted on
a turntable in the TDT test section as shown in Fig. 129.

This installation permitted the rotation of the model to
simulate changes in wind direction. Wind speed, wind

direction, and ambient temperature in the flow field

around the model were measured using the remotely
operated survey device shown in Fig. 129.

Wind-tunnel results _7 showed that the flow field

around the lander was relatively insensitive to Reynolds
number variation and the influence of the lander on the

flow field decreased rapidly with distance from the
lander. Hot film anemometers were used on the survey
device and were shown to be viable candidates for use on

the actual Viking lander. In fact, two hot-film

anemometers orthogonally oriented in the horizontal

plane were used to determine wind speed and direction on
Mars. _

Fig. 129- 45% scale model and remote survey device
used in lander flow field measurements.

Heat Shieidin_ for RTG's (TDT Test 181): The

purposes of the Viking radioisotope thermoelectric
generators (RTG's) were to furnish electrical power to the

lander when on the surface of Mars and to provide heat to
instrumentation housed inside the lander. One concern

was that high-velocity surface winds could result in

excessive heat loss by forced convection that could
endanger the survival of the lander's systems. Model
scale tests were conducted in the TDT to measure the
forced-convection heat transfer on simulated RTG's with

and without wind shields. Two different wind shields

(partially enclosing the RTG's) were tested. The 45%-
scale lander model and thermally simulated RTG's are

shown in Fig. 130.
Forced-convection heat-transfer coefficients measured

in air _7 showed that neither of the two wind-shields

provided an acceptable solution to the RTG convective
cooling problem. The final solution was to totally enclose
each RTG with a wind shield. This insured that excess

heat from the RTG's would be available to the scientific

instruments and other lander systems and not dissipated
uselessly into the Martian environment.
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Fig.130-45cAscalemodelusedlolest
heatshieldingforRTG's.

Fig.131- 37.59_scalelandermodelwithfull-scale
meteorologyboomusedindetermininglanderflowfield

effectsonmeteorologyinstruments.

Lander Flow Field Effects on Meteorol0gv
Instruments (TDT Test 263): The objectives of the

Viking meteorological experiment were to measure
pressure, temperature, wind speed, and wind direction on

the Martian surface. The meteorology instrumentation

system, including software, was subjected to an extensive
test program in TDT.S_

The configuration for a portion of the test included a
full-scale flight sensor and meteorological boom assembly
mounted on a turntable in the TDT test section. The data

from the TDT test was reduced using flight software and

compared with wind-tunnel parameters that were reduced
independently. The results of these tests indicated that the

instrument system (including software, but not lander

flow-field effects} had an accuracy of approximately
_+10% lor both wind speed and wind direction.

The approximate influence of the lander on local

meteorological measurements was determined using a
37.5c_-scale model of the final lander configuration in
association with the full-scale meteorolo,qcal boom as

shown in Fig. 131. The meteorological boom was

positioned on the lander (utilizing data from the 1970
flow-field survey) to minimize the effects of the lander-

induced flow field. The boom was deployed 5.25 ft.
above the surface and 2.0 ft. from the nearest part of the
lander body. Test results showed that the lander effect

was about +10+7_ in both wind speed and
direction. Meteorological results obtained on Mars for

Viking 1 and 2 are summarized in Ref. 89.

CONCLUDING REMARKS

The NASA Langley Transonic Dynamics Tunnel
(TDT) has provided test support for space-related

applications throughout its forty year history. Several
capabilities of the TDT stand out as being the primary

factors as to why the TDT was used for these space-
related tests. These factors are the aeroelastic scaling

advantage and the relatively high Reynolds number of the
heavy gas test medium, the TDT variable pressure

capability, and the relatively large test section. Most of

these space-related tests have dealt with some aspect of
aeroelastic or unsteady response testing, which is the
primary objective of the TDT facility. However, some of
these tests have utilized the TDT for static, and often

unique, wind-tunnel tests because ol+ above stated
beneficial characteristics of the TDT. The space-related
tests conducted in the TDT have been categorized into

five distinct areas. These areas are ground winds loads,
launch vehicle dynamics, atmospheric flight of space

vehicles, atmospheric reentry, and planetary-probe
testing. The TDT still maintains essentially all of the

capabilities that contributed to these past space model
tests and, therefore, stands poised to continue to support

similar space activities in the future.
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22
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55

68
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82

86
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74

79

82

68

94

95
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124

130

148

149
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157

158

180

181

182

186

190

193

2OO

2O4

210

243

246

258

263

266

276

30O

306

308

321

363

407

4110

420

423

424

426

431

432

443

446

448

449

458

46O

464

4_6

471

476

477

481

496

495

518

616

540

541

Table 1- TDT space-related tests.

Test Title Dltlm Mode_ M0clnt

Scout 10/5/60 • 10/18/60 LV F

Ft_l AVCO Drag Brake 10/19/68 - 11/2/60 PD S

Saturn I Block I (SA-1} 3/6/6 _ -3/2_61 LV F

Paraw_g 5/23/61-5/13/81 PN

Plu'awmg 5/20/61 - 7/14/61 PW S

Parawmo 7117/81 . 5/4/61 PW FP

Scout Mise_lo and Tower 8/4/61 - 8/24/61 LV F

Saluri_.Apollo Pressure Models 5/24/61 * 9,'14/61 LV S

Jupiter M_ssile 10/9/61 , 10/23/61 LV F

Saturn-Apollo Pressure Models 11/7/61 - 11/20/61 LV S

Wind Induced Loade Research Model 2'27162 - 3/12162 LV F

Propct "F=re" Buffet Model 3/12/62 - 4/3/62 LV S

Smokestack Flutter 4/5/62 - 4/16/62 LV F

Parawing d_ok:_.mem leSt 18/8/62 - 10/31/62 PW HR

Saturn 11/19/82 - 1Z,7162 LV S

Drougue Chute Depldyn_nt Io¢ Apollo Command Module 12/10/62-12/14t62 PD P

Titan III 1/15/63 o 2/15/83 LV FT

Saturn I Slack li {SA-51 2/18/83- 3/5/63 LV FT

Satum.V 3/11/63 - 3/2_83 LV FT

Saturn-V 0/11/63 * 3/29/83 LV FT

Saturn-Apollo + hal -'/,ere probes 5/17/83 - 5/6/63 LV S

SIlum V 7t15/63 - 8/20/63 LV FT

Saturn IS 10/23/63 - 11/21/83 LV FT

Launch Escape Canard Medea 11124/63 - 12/6_3 O S

Apotlo Parawm_ 12/9/63 - 1,'3/64 PW S & C

Salum IS 325/64.4/7/64 LV FT

Titen II - GQrnmt 4/15/64 - 5/15/64 LV FT

Parawing 6/1/64 - 6/'//64 PW S

P_'aw=ncj Deployment 5/5/64 - 71"_64 PW
HR

Salum V 9/17/64 - 11/lC./64 LV FT"

Patawmq + Capsule 114/65 - 1/15/65 PW

Saturn IS 3/15/65 * 4CJ0/65 LV FT

Martin G WL C¥1.ndur (2-D} 5/30/68 - 9/17/66 0 F

Titan 111 9/20/85.10r27,'66 LV Ft"

PSTL 1 Saturn ApPle Moder 2/25/66.3/25/_ LV S

Satum*V 5/2/66 - 5/3/68 LV FT

• l=nsh Sa_ Wang Test 3/6/67 - 3/2_67 PD FP

Tumtabla Jl.nd MET Tower 5/5/67 - 5/16/67 LV FT

(+ vert¢al rake) 5/26/67 - 6/1/67 LV FT

Setum-V 5/6/67 - 5/14/67 LV FT

(* verl¢ol rake) 5/I 5/67 - 6/19/87 LV FT

Tumtab_ ar_ MET Tower 5/19/67 - 6/21187 LV FT

Paravulcoon 5/17/67 - 5/25/87 LV S

SOlbous No6e PreMure DlalrlbutJon Models 121 1_'67 - 1/29,/68 LV $

S,=lurn Apollo (carom, and module} (+ ax'plosgve ehar_,s I 2/25/68 - 3/27/86 LV FP

A_hed Infla¢or Decelerator MOdel 3/25/69 - 4/11/89 PD S

Reertti_, VehiCles (21{ Mar_n SV*SD t 4/14/69 - 5,'2/69 FS FP

Shuttle concept stall flv_t at/buffet wngs (21 8/29/89 - 9/4/66 SS SW

Shuffle ¢or¢opt _all flutter/buffet wings 121 9/29/69 - 10/1/69 SS SW

Vilon_ 10/22170 - 11/8/70 PP Ft"

Viking 11110/70- 11/16/70 PP FT

Set um-V 11117/70 • 12/10/70 LV FT

Space Sbutlle Booete¢ Winq Concept (wnh tip fm t ?./16/71 - 2/23/71 SS SW

Vilon 9 De¢aleretor (Marlin Iv_rrietta} 4/21/71 . 4/28/71 PD FP

Vik_g (Mart_n} 6/29/71 - 7/1/'71 PP S

Saturn IS 10/19/71 - 11f12/71 LV FT

Vik_n R Separation zr'/r'/2 - 2/29/72

Space S hullle 10/16/72 - 11/I 6/72

Spa¢e Shultle SRB Par=chutes 7/12,'74 - 7/29/74

Space Shultle V-t all ,and We',g 9/19/74 - 9113/74

Space Sht_lle V-tail 4/2/78 - 4/10/7S

V_k_ 7/23/78 - 5/11/75

Space Shm'lle CId_lter 10/16/78 - 11/7/76

Space Shuttle SRB Parachutes 3/24/78 - 4/_zr78

Space Shuttle Of'biter 5/_/78 - _9/'F8

Space Shul_le 7/3G3'6 - 8,'24,'78

Space Shultle Launch Configural:on 9/15/78 - 10/17/76

Space Shuffle V-teil 8/29/79 - 9/27/79

Ga.Eloo Parachme 4/13/83 - 4/22/83

72" Delta Wing Flutta_ 7/2/87 -7/6/87

72* De,a Win,_ Flutter II 8/20/87 - Ib'25/87

Simple Delta Wing Models INASP_ 3/23/86.3/29_8

Atlas-Centaur Large Payk_d F_ing 6/12;86 - 7/15/88

Delta Wing Flurlel 7/17/86.7/27/88

MAMA {I,46_ and Mo_ App_retus I 7/26/88 - 8,9./88

Aderon Buzz el Generic NASP Conf_urst:on 2/14/09 - 2/14/88

Delta Win<_ w/Ma_ and Mot:on AppIr_lus (MAMA_ 2/22/89 - 3FJ_8

ATI-&S II |Cenlaur} 6/18/89 -7/I 7/89

Composite A_leroe Buzz I 8/30/89 - 9/9/89

Coropo_de Aileron BuZZ II 9/25/89 - 10/7t89

MD Pardi Fluller 9/23/68-10/14/89

Salsa Buzz I-b 3/4/90 - 3/17/98

Dei_ril_iOn

1S%-scala, Ground wind loads, w_th serinee tower, notum1_ble R-12//ur

1/12-1_-ala I Slff_ple represer_ation el proposed reentry brake concept, loads data? No d&l_ avail

7 6%-scale I GrOund w._d _oade, no turnzable, no servx:e tower, steady pressure, R-I 2/A_r

Paraw_np recovety systen_

Par awinq recovef_/system

p_rat_nq recovery system

15%-_:,elel Ground w_nd loads, no tum_b_ r R-12/A_r

8% and 16%-=:ale r Buffet pressure measurements, air and Freon r ddlerent s=za models

l/S-scale. G_.und w_nd toads I no tumlabla, R.12J_ur

|nd 1,6%-¢¢ale I Buffet pressure measurements, _ur and Freon r d_lerem s_ze models

Ground wind ioabs r qener¢ model

1/6.Scale r Suffet[unsteady Wessures I and air loads {steady pres_u*'es 1 data

Ground wind loads r q_ener¢ mooet air

118 acale modal

I_-_K:ale_ SD'I m<_l, Apollo and Jupiter nol.es

Par IK:hUlo recover' system

7 8%-sca_e, Ground wand lda¢_s r w_lh lOwer, lirst test v_l_ floor lurraabkl, R-12/Air

7%-=calo I Ground "_n_ loads r with LC 376 _mbil=:el tower. Jupe.er & Apo8o psyk_,ll d I R.I?JA_r

3%-scala, Ground wed loads r w_h tower I R-12/A=f, auO-c ntical R=Pimold= number

3%-scal_, Ground wind loads r with tower I R-12/Air r suff-c rlt¢al R_old_ number

SD.1 model t Apollo 6 Jupiter holeS, aerodynar_c damping and I_ffet

3%-Iv:ale, Ground w_nd loads r with lower I R-12/Ait. sod-c_ical R_nolde nun'=bar

6,6%-scale, Ground w=n_ loads, w'_h LC-34 and LC-37B r Apollo _u::ecr aft payload 1R-12/Air

Fult-=:a_e forabody of canard launch e_caps va_icle

Parawir',_ re¢ovei_ s_'stam st,ng and cables

5 5%-sca_e, Groun_ wand loade LC-34 and -376, space station Psyk;ad, R-12/A=r. model destroya<_

T,5%.scaie r Ground w_ ldods dynam¢ally-sc=led erectc_ lower I R-12/Air

W_h capsule, bar mounled

3%-s¢:ale I G_und w_nd Io_ r _h to_r, R-1 2/Ait r sub-¢r;t K:el R_t_n Olde number

Spacecraft recovery Syslem

6.6%dl¢ala r Ground wind loads, Apollo and _enaraltZed pa,(Ioa_ LC-3_ and .37_ R-I 2/Ait

2-D _-i/let _g cyllnOer r vortex shedding et high Reynolds numbers

7 5%-scala, Ground wind loads, dynamK:a_-_K:aled Iransporte¢/tower R-12/Atf

Buffet pressure measurements I rigid model

3%-scale I Ground wnd loade r with and wit hou_ service tower

l/6-_cak=, Aerodynam¢ deceleralO¢ co_¢epl, Stab_ley and load=, during depIoyme_

Gmvnd w_',d loads and response, flow field meMurements

3%-_cale

Test Of =pace veh¢le terminal re¢_Ne_ _tem (bsUoon)r sting mount

Seemly-pressure measurements, larqe and small bulbous no_e figKI model=

Pressure means¸ on ApoLlo SC I TNT cher_es s_mulated booster explosion

Alrr, a_pher¢ decelerator test

Ablation |udace ro_qhnee,,$ effects on slabilly denvettve_ U_d = tli_ilt tast vehicle a_d smash mo_al

Candidata w_no das_:Jns, hKJh an_e el etleck, stall flu_ler_ buffeting (seraph1 and clipped delta w=.n<p}

Candidate _n,_ basi_ns hlgi_ an_e of Im=ck, stall fluner buffeting Isl_=_Jht and c_oped deffa w_nq_}

45%-I,¢ale, tlow-flald rm_a=ureme ms _round lander, rneteoroloqy ay_lem develOpment

48%-scale, ¢oeve¢l_va heal*t_ansler test to eetabl_h shleldm<J needed _or RTG's

3%-SC&le, Ground _nd Io&ds r Skylab p_load w_h LC-39B to_er r R-I ?-/Air

0 05-_ale 1Cand_dele wang de_qn, h_h angle el attack, stall It utler Tbuffet=n,g,, op fin effects

10%-._ale, Peraehulo anv_ronmem and perf emma nca I Perarnetnc 1_n_

lg%-Icale, p_uure melu_urementl on lander/base Otwer _ press sensor Iocatme optim¢z=tlon

8 8%.sc_de I Ground wind Io_s I Apollo op=cecr=ft Pe'/load, LC-966 tower r akylab, R- 12/_r

PP S 1O% Icale. loads measuromenta Io¢ a oroshol_-Iander/b uecove_ sepsret_on durinq aem_heH jtml$on

LV FT O%-scale r G¢oond wind loads I pral,minary Space Shutlle deel_ R-12/An

PD C & F 0125o_ale Solid ro¢itet booetar dro<Jve p_'_ch_es and deployment concepl$

FS_SS SW 0 14-_u:ole. VertK:al fiNmd_er/luffar r b_tet and buzz¸ Also 0 14-scale Win_-elevon model - flutter

FS SW 014-tcale flr_rudbar modal, flutter and buffet, s_mu_eted deplo_ad speed brekel=pIn rudder / w_th wadqe

pp FT 37.5%-_:ale. m_aen:,_. =:lance axpenments, system ca_bret_G_ and lander flOW field effects

FS C 0,065/_calo, Stebilay {'r_id} model on =CaNe cable-mourn system. Cable =m=b i_ef i buffet and stab¸ denvatr_es

PD PP & C 0,12S4¢ale SRB Dm<jua and m.l_n par_hute s.t_em=

FS C 0 0SS-_¢ale dynam;¢al_ sealed model on _Na cable-mount _yslom. tk_ler and buffet loade

LV FT 4/6%-acala I Ground _nd loads r f_d =hume confKju_tion, wah tower, R-12/Air, lower destroyed

LV S 0 066/_v:alo all-up Iorbitar, external tank, and SRB+sl c_figuretion, 1luSter and buffet loads

FS SW Shunlo teSt OS-301 0 14-_¢ak_ fm model, flutter, b,..'fl et, speed brake I=pId ruoder} deployed

PD FP 28% and 8O%-_x:ale. psrachute eta1¢ and deployment te..1_n_ for developm_nl el Jupaer prdoe =yetam

Fluttar research releted to NASPSS SW

SS SW

SS SW

LV FT

S6 SW

SS SW

SS SW

SS SW

LV FT

SS SW

SS SW

O SW

SS SW

Pano_ FI,J11er II 4/15/90 - 4._29/96 O SW

Compo$_l_ Buzz Ill I L=,60 *. t=6% 7/29/81_ - 3/11/90 SS SW

Composrie Buz_ IV, L=72 °, t=_% 10/14_i0.1C42 6/g0 SS SW

Panel Ffufler lit 11/8/90 - 11/17/90 O SW

Engine Panel D_erqence/Rurler 4/21/82 - 6/3_V92 O SW

NASP F_axible Fusalaop 11116/92 • 12/16_2 FS FP

Wr_:lM Labs NASP Wing IHonz L_inq Surface I 119/93 - 1/22/93 SS SW

SWlF II Model 4/9/93 - 4,'27/93 SS SW

Wr_hl Labs Fm-Rudde_ 2/7/g4 2/14/94 SS SW

En,_ne LIp D_ver._nce,'Flutlar 6/8/94- 6/24.,*94 O SW

Detta II Launch Vehicle r Composite Payload 6/22/95 - 7Rd96 LV $

Delta III Launch Veh_cla 2/26/9_ - 3/12/96 LV S

Mars A_lana Aero_ynan'K: L_ Co_ep1 Models 5/23/99 o 10/18J99 FS S

Mars/urplane Aerodynarmc Lift Co_cel:>l f_lodel (inve_ed tail) 12/5/96 - 12/14/99 FS S

FS = Furl Span C = Cables

LV = Launch Veb¢le F = Floor (no lumtabla)

O = Other PP = Floo_ Pedasta_/slrul

P_ = Parachuta/Oeceleretor Ft" = Floor w_h tutmabla

PW. Parawng HR = Honzontel ROd (wofMo-woll)

PP = Planetary Probe PAPA = P=Ich and Ptunge Apbar=tu$

SS • Sem.$ban S = Sling

SW = Sldewa_

Flutler research reletlK_ 1o NASP

72-d_Jree sweep win_s NASP

1tl 01h-scale. buftetirK], enlarqed payload fainng

NASP related

AJl-movable wing flultar, NASP

Delta wing wi_ lert|e tr_lmg ode_. contro_ surface NASP r_ated

All-movable wing flower r NASP related

8 6%-ecala, Ground w_nd lolv_ I wilh umbitn¢al tower R.12/Ait

NASP. large treating od_ conlrol clappeff_e_a wing

NASP. l=_ge treating ed_ control r ¢lappsd-delta wing

NASP I panel fk_ter

NASPrI_

NASPea_ne

NASPra_

NASPra_nd

NASPre_

NASP. mounted on upstream end Of PAPA I_pliner p_te NASP en<_ino retatad

NASP reilUed, body-lreeffom lloner (mOdel destrOyed r mount d_,ergence 1

NASP c0_i,_urat_oe

All- movable wing fluhe_. NASP ra_tad

NASP

NASP Er_e re4ateff, ¢l,l._,ed test

16.6%-s4161ef, Buffeting response

9,5%-ecale_ Sufletlm_, response

1/4"$¢ale, Peffo_'ma nce 1,_1 Of MAP mo_lat4 ) " loads I pressure d_slr_lions, hO_ fdm data

1/4-scale Performance test MAP model - loads¸ fk_ viz Ifloutescen_ _uff_ (US_ t

AF = Atmo=pbanc Right

AR = Atrno=bheric Re-emry

LVFD • Launct_ Vehicle FIK_ht Dynamics

LVGWL = Launch Vehicle Ground W_nd Lead.Dynamics

PP • Ptanetary Probe

cale�o_j

LVGWI.

AR

LVGW1.

A_

AR

LVGWL

LVFD

LVGWt.

LVR)

LVGWL

LVFD

LVGWL

AR

LVFD

AR

LVGWL

LVGWL

LVGWL

LVGWt.

LVFD

LVGWL

LVGWL

LVFD

AR

LVGWL

LVGWL

AR

AR

LVGWL

AR

LVGWL

LVGWt.

LVGW1.

LVFD

LVGW1.

AR

LVGWL

LVFD

LVFD

LVFD

AR

AF

AF

AF

PP

PP

LVGWL

AF

AR

AR

LVGWL

AR

LVGWL

Aq

AF

AF

PP

AF

AP

LVGW_

AP

AF

AR

AF

AF

AF

LVFD

AF

AF

AF

AF

LVGWL

AF

AF

AF

AF

AF

AF

AF

AP

AP

AF

AF

AF

AP

AF

LVFD

LVFD

AF

AF




